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Figure 1: Detector Cross section

8 Drawings 13

1 Introduction

This document is a preliminary User’s Design Specification for a pressure vessel to be used in a neutrino
physics experiment called NEXT-100. The final specification is expected to be released for RFQ approx.
2 months after this release. Drawings presented here are not to be considered final. Prospective
Manufacturers are encouraged to provide feedback on the design, and details of fabrication, as well as
preliminary cost and schedule estimates.

2 Purpose

The NEXT Collaboration is a group of physicists and engineers affiliated with Institute of Particle
Physics/ University of Valencia, (IFIC) (principal institution), LBNL, and many others. The NEXT-
100 experiment proposal is funded by this collaboration to build a detector to look for a phenomenon
called neutrinoless double beta decay. The experiment requires a pressure vessel, to be used for gas
containment, and additionally as the housing and support for a neutrino detector installed inside. Figure
1, below, shows a cross section of the detector inside the pressure vessel. This pressure vessel is the
subject of this Specification.



3 Introductory Requirements Description

The pressure vessel has the following general requirements:

1. Size, Shape, Orientation: 1.360m inner diameter x 2.286m inside length, cylindrical main vessel
section with detachable torispheric heads on each end, vessel axis horizontal, with two saddle
supports welded to main vessel shell. Welded-in nozzles on both the main vessel and the heads
extend the overall size to 2.8m overall length x 1.5m high.

2. Assembly Configuration: 3 parts, a main cylindrical vessel with bolted flange connections to
torispheric heads on each end. Flanges are flat faced with double O-rings or, possibly a Helicoflex
C-ring/O-ring combination, to provide pressure and vacuum seal on both main flanges and on
nozzle flanges.

3. Material: Main Vessel and Heads, shells, nozzles and flanges: Stainless Steel, 316Ti plate (UNS
531635, EN 1.4571) per ASME specification SA-240 or (EU) equivalent; main flange bolting:
Inconel 718 ASME specification grade SB-637 (UNS N07718) or (EU) equivalent.

4. Fluid: gaseous xenon (primary), argon, neon, nitrogen, dry air, with small amounts of CF4, CH4,
H2, at room temperature to 50C (negligible corrosive, flammable or toxic hazard).

5. Design Pressure Range : -1.5 atm to 15.4 barg (16.4 bara)

Leak Tightness: (1X107° torr*L/sec

7. Design Standard: ASME Pressure Vessel Code section VIII, division 1, using full weld efficiency
(fully radiographed double and full penetration welds required). Other design standards allow-
able in Canfranc, Spain may be used. Note that although the requirement for a User’s Design
Specification is only required for Pressure Vessels designed under ASME section VIII division 2
rules, we regard this as an essential controlling document for the vessel.

&

8. Low residual background radioactivity; additional material and process screening, over and above
that required by ASME Pressure Vessel Code, or equivalent, will be performed by the Collabo-
ration; full cooperation of Manufacturer is required. Nominal design may be impacted by (now
pending) test results.

9. Internal detector components will be supported on internal flanges on the vessel (on both main
cylindrical and on torispheric heads), and nozzle flanges. Total weight of detector inside vessel
does not exceed 13000 kg (13 metric tons).

These requirements and others are fully detailed in the Requirements section below. This includes
requirements outlined in ASME PV code sec VIII, division 2, part 2.2.2 ”User’s Design Specification”.
We continue with the general description:

There are two unique and noteworthy aspects of this vessel; the first is a radiopurity requirement
and, the second to a lesser extent, the need to mount internal components. The detector inside the
vessel is highly sensitive to radiation from trace amounts of uranium (U) and thorium (Th). Austenitic
stainless steel alloys contain uranium and thorium in trace amounts, from several parts per trillion (ppt)
to hundreds of parts per million (ppm), only the lower levels are acceptable to us. 316Ti (1.4571) has
been well characterized by others and found to typically show acceptably low levels; this is the reason
we are specifying its use, even though other alloys may also be acceptable.

To assure sufficient radiopurity of materials, the Collaboration will require samples (several kg.
each) from all raw material lots (bar, plate, tubing, forging ends, etc. ) in order to perform background
radiation counts prior to the material be accepted for fabrication, These counts take 1 month each
to perform and we can only perform 2 simultaneous sample measurements at one time, so adequate
material procurement scheduling is required.



Regarding manufacturing, thoriated TIG welding electrodes, and guns that have been used with
such electrodes must not be used. Ceriated, lanthanated, yttriated, or plain tungsten electrodes are
acceptable. Special cleaning procedures for material preparation are required, and may be subject to
testing by the Collaboration and may be modified

The pressure vessel also serves to support the detector inside. The detector contains a large amount
of radiation shielding, in the form of precision machined copper bars and plates, approx. 12000 kg of
copper in all. The vessel to head flanges incorporate internal flanges for mounting of both this copper
shielding and the detector components. As such all final machining on the must be performed only after
a full stress relief anneal is performed after welding operations. Head to vessel flanges are nominally
bolted; a flat faced flange design is used having 2 O-rings for seals, with a vacuum sense port in between
them to detect leakage. The inner groove will be compatible, if feasible, with a Helicoflex gasket, loaded
to its Y1 unit force. Manufacture must only demonstrate proper sealing performance using elastomer
O-ring seals in both grooves. Manufacturer is invited offer some details as to preferred fabrication
details before final specification is issued.

4 Parties to the Contract

Henceforth in this Document, the parties to the contract are listed and defined as follows:

4.1 Collaboration

The Collaboration is headed by Dr. J.J. Gomez, IFIC. The lead mechanical engineer for the pressure
vessel is Derek Shuman, LBNL, with assistance from mechanical engineers: Sara Cércel and Alberto
Martinez (IFIC). Sara will be the prime contact person overseeing fabrication.

4.2 Manufacturer

This is the primary firm contracted with the Collaboration to perform or coordinated the design,
fabrication, and testing. Subcontractors are not included, however, the rights of inspection negotiated
between the Collaboration and the Manufacturer must be extended to apply to all subcontractors.

4.3 Certification Authority

This is an independent Certification Authority contracted to certify this document for completeness and
correctness prior to the commencement of fabrication, and also to certify the Manufacturer’s Design
Report prior to the acceptance of the vessel by the Collaboration.

4.4 Inspector

This is a qualified person provided by the Certification Authority to perform inspections of all aspects
of the design, fabrications and testing, in order to verify that the vessel has been designed, fabricated
and tested in full compliance with the appropriate pressure vessel code.



5 Scope of Contract

Manufacturer is to supply, at a minimum, the complete vessel, in a clean condition compatible with
high vacuum testing, complete with all flange bolts, nuts, washers, and all blank-off plates used for
hydrostatic testing. Optionally, the Manufacturer may additionally supply the nozzle extensions, and
other internal parts of the detector. Excess unused plate material shall be returned to Collaboration, if
feasible. The Collaboration will supply the pressure relief devices. Here is a detailed list:

1. (1) main vessel, per LBNL drawing 26K591A
2. (2) torispheric heads per LBNL drawing 26K591A
3. (300) studs per LBNL drawing 26K593A
4. (300) heavy hex nuts, M16-1.0, Inconel 718 per ASME SB-637, silver plated for item 3 above
5. (600) heavy narrow washers, 28 mm OD Inconel 718 per ASME SB-637, for 3
6. (4) O-rings, nitrile, 5mm x 1320mm ID
7. (4) O-rings, nitrile, 3mm x 1460mm ID
8. (16) O-rings, nitrile, 3mm x 90mm ID
9. (16) O-rings, nitrile, 3mm x 110mm ID
10. (4) O-rings, nitrile, 3mm x 65mm ID
11. (4) O-rings, nitrile, 3mm x 70mm ID
12. (12) O-rings, nitrile, 3mm x 35mm ID
13. (12) O-rings, nitrile, 2.5mm x 50mm ID
14. (2) heads per LBNL drawing 26K591A
15. (9) cover plates, DN100 per LBNL drawing 26K594A
16. (3) cover plates, DN75 per LBNL drawing 26K595A
17. (7) cover plates, DN40 per LBNL drawing 26K596A
18. hardware (316 SS, silver plated) to attach the above 3 items to vessel flanges
19. Manufacturers Design Report, in both Spanish and English

6 Responsibilities

6.1 Manufacturer
6.1.1 Material Use Planning

Manufacturer is to use materials provided by the Collaboration to fabricate the vessel, unless other
arrangement is made. Manufacturer is required to approve any materials provided by the Collaboration
with regards to fitness of use. Manufacturer must request any certifications, samples needed for testing.
Manufacturer is to specify the range of raw material sizes, and the amounts of each needed to fabricate
the vessel All materials and equipment used, that are supplied by the Manufacturer, are subject to
approval by the Collaboration, both raw materials that will be part of the vessel, and all other materials
and equipment used in the manufacturing process.

6.1.2 Final Design

Manufacturer is responsible for the pressure integrity of the vessel and is required to perform all neces-
sary calculations and analyses, as Manufacturer sees fit. Detailed preliminary calculations are provided



by the Collaboration, in the Appendix, as a convenience, and to justify the dimensions of the vessel pre-
sented here in this Specification, however manufacturer is ultimately responsible for pressure integrity
and sufficiency of design. Manufacturer may propose changes to the design, however these must be
approved by the Collaboration. The design presented here is performed according to the rules of ASME
section VIII, division 1, with full weld efficiency, which is required in the final design. This requires full
penetration double welds on the major welds plus a full radiographic inspection. Other codes that are
acceptable in the Jurisdiction of Canfranc, Spain are acceptable in part, or in full, as allowed by the
codes themselves.

6.1.3 Fabrication Plan

Manufacturer is to submit a detailed fabrication plan to Collaboration for approval prior to commence-
ment of fabrication, describing the sequence of operations to be used in fabricating and testing the
vessel. These shall include (but not be limited to) the following:

1. Main Cylindrical Vessel: shell forming and welding sequence, all dimensions of shell sections,
rolling methods, edge preparations and cleaning, welding procedures and equipment, intermediate
heat treatments, and inspections.

2. Torispheric Head: shell forming, rolling methods, edge preparations, intermediate heat treatments,
and inspections.

3. Head to Vessel Flange fabrication sequence, all dimensions of flange sections, edge preparations,
welding procedures, intermediate heat treatments and inspections.

4. Flange to Shell Weld joint design

6.2 Collaboration

Collaboration is responsible for finding and securing the required material in timely manner prior to
scheduling construction. The Collaboration is responsible for timely radiopurity testing of material
samples from lots. Each of these measurements can take up to one month to complete. A schedule of
radiopurity measurements will be drafted once the manufacturing process is fully known.

7 ASME User Design Specification
2.2.2.1 ASME required specifications

a) Installation Site
1) Location - Installed location - Canfranc Spain, inside Canfranc Under Ground Laboratory in LSC
Hall 1. Vessel may be staged temporarily at some other location, perhaps for pressure testing,
and/or for trial assembly of detector. This location will be either at IFIC in Valencia, or perhaps
at University of Zaragoza.
2) Jurisdictional Authority All that are required for the locations listed above

3) Environmental conditions

i) Wind loads - None



ii) Seismic Design Loads - 1m/s? (0.1g) maximum vertical (over static gravity); 2 m/s* maximum
horizontal acceleration. Vessel will be mounted on a shock isolating platform, and will be elevated
above the hall floor by 1.2m

iii) Snow Loads - None

iv) Lowest one day mean temperature- 10C . Note - remote possibility exists of cryogen spill
underneath pressure vessel, with temperature unknown. Cryogenic liquid is not expected to
contact vessel, as the vessel will be mounted on a platform at least 1.5 m above the main hall
floor, and a total cryogenic liquid spill will result in at most a few cm of liquid height on floor.
Nevertheless, vessel will be immediately vented to 0 barg upon receiving a fault signal indicating
a cryogen spill in the LSC hall.

b) Vessel Identification
1) Vessel Number - "NEXT100-PV1”

2) Fluids - gaseous xenon (primary), argon, neon, nitrogen, dry air, with small amounts of CF4, CH4,
H2 (<5%), all held at room temperature to 50C (negligible corrosive, flammable or toxic hazard).
No liquids will be introduced into the vessel, other than cleaning, in the disassembled condition
or perhaps in an assembled condition, unpressurized. Although not presently planned, the vessel
may eventually be immersed in a fluid bath, of either ultrapure water, or scintillator fluid (as yet
unknown), with the vessel in either the pressurized or vacuum condition. Maximum fluid pressure
of this bath will be, at the lowest point of the vessel no higher that 0.35 barg, from hydrostatic head
only, the water or scintillating fluid being at atmospheric pressure. There should be no corrosion
allowance made in the design for this possible future use; adjustment will be made to operating
pressure if needed.

c) Vessel Configuration and Controlling Dimensions - The vessel will be oriented with its axis of
revolution in the horizontal direction. LBNL Drawing number 26K589A shows the assembled vessel
with controlling dimensions, some of which are listed below:

Inside Diameter, Vessel and Head Shells 1360 mm
Inside Length, on Centerline Axis, including Heads 2286 mm
Length, Main Cylindrical Vessel 1600 mm

Torispheric Head Inner Crown Radius (R.=1.0D, Kloepper) | 1360 mm
Torispheric Head Inner Knuckle Radius (Rx=0.1D, Kloepper) | 136 mm
Center axis height above floor(including support pads) 800mm

Table 1: Required Geometric Values

d) Design Features

1) Supports - The vessel shall be designed with saddle supports welded to the main cylindrical vessel.
These supports shall be sufficient to support the weight of the pressure vessel, with all internal
components and fluids, for static gravity plus the maximum seismic acceleration, described below.
The supports shall be designed to accommodate expansion and contraction of the vessel, from both
pressure/vacuum and from temperature excursions. The vessel must return to the same position
upon returning to normal operating temperature. The proposed design utilizes low friction polymer
bearing pads in a 2D kinematic support arrangement; Manufacturer may propose alternate methods
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or materials. The vessel may be lifted with slings while empty. It is not foreseen that the vessel will
be lifted with the internal copper shielding inside, however jacking screws on the support feet are
provide for leveling with the copper inside. The Appendix contains a set of illustrations detailing
the proposed design.

The torispheric heads are not required to have lifting lugs welded to them, though Manufacturer
may elect to add these, with prior approval. If lugs are added, they must be designed for the entire
mass of the head plus its internal copper disk (2500 kg). The collaboration will be using specially
designed lift fixtures to handle the heads; these attach to the head using various combinations of
the flange bolt (clearance) holes. Some of these clearance holes will be threaded to accept certain
lift fixture mounting bolts. See section on Loads below for further description.

e) Design Conditions

Internal Pressure, MPa (g) | External Pressure, MPa (g)
1.54 0.15

Table 2: Design Pressures,(gauge)

f) Operating Conditions

1)
2)

3)

4)

Maximum Operating Pressure (MOP) - 14.0 barg
Maximum Allowable Working Pressure (MAWP) - 15.4 barg

Operating Temperature - 15C-30C. Temperature may rise to 150C under a vacuum (-1.0 barg)
condition, but not under pressure condition.

Fluid Transients and Flow - A typical operating cycle, following any condition requiring the
vessel to be opened, is as follows:

1. Vessel will be pulled to vacuum condition and held for several days. Vessel may be heated to 50C
during this operation.

2. Xenon gas will then be introduced at a slow fill rate, no less than 10 min. to fully pressurize.

3. Xenon gas will then be circulated at 200 SLPM through the vessel/ purifier circuit. Detector will
be operated during this time, continuously, without interruption of flow or pressure, for as long
as possible.

Should the detector need a repair which requires removing at least one of the heads or nozzle
attachments, the following sequence of operations is performed:

1. Vessel will be vented by opening a valve connecting to a cryogenic recovery cylinder, depressur-

ization is expected to take at least 30 minutes. Pressure will be reduced to less than 1 torr.

Vessel will be filled with clean dry air to 0.01-0.1 barg, then vented to atmosphere.

The head assembly fixture will be assembled to the floor.

Head to flange studs occupying the threaded holes in the head are be removed

The head assembly fixture is then aligned to closely mate with the head flange and is then bolted

to the head

6. The remainder of the head to vessel flange studs are removed to allow head to be moved away
from the vessel, on the fixture rails, by a distance of 1m

Gt WD
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7. A second lift fixture is then bolted to the head using a number of holes at the top; this lift fixture
provides a single lift point for attachment to a crane hook, with the lift point over the center of
gravity of the head/internal copper shield disk assembly. See section on Loads below for further
description.

Under a possible emergency condition defined as an abnormally high pressure drop rate occurring
during normal operation, the vessel will be vented in approximately 10 sec. to the large vacuum
tank, in order to minimize loss of the xenon into the LSC Hall. This will be accomplished by using
at least one remote operated active vent valve that will open fully upon receiving a controller signal.
This valve is in parallel with the main pressure relief valve. The active vent valve will be a straight-
through design, so that reaction force does not exert a force transverse to the nozzle axis. However,
the possibility exists that a right angle valve might mistakenly be substituted, and so the auxiliary
nozzles on each head must be designed to withstand a moment caused by the reaction force from
this valve. The maximum flow rate will be 25 kg/sec (Xe). The reaction force associated with this
flow (xenon) is 3500 N. The vent valve will be located on the end of a nozzle extension that is 58cm
long; thus a maximum moment of 2300 N*m may be applied to the nozzle to head weld; this is
the design requirement for weld and nozzle sufficiency. The relief valve for fire condition or failed
regulator is much lower flow and may be a right angle valve.

g) Design Fatigue Life - The vessel is estimated to undergo not more than 200 full pressure cycles,
at most (including head removals) during its lifetime. Each vessel head is not expected to be removed
more than 50 times. Pressure will remain static for each pressure cycle; i.e. pressure is not varied
during vessel operation, only during filling and venting. Some pressure cycles will be less than full
MOP. Pressure change rate under typical operating conditions will be low, less than 0.001 bar/sec.
There will be a few rapid depressurization events, of maximum 2 bar/sec using a remote actuated vent
valve; not more than 10 of these cycles are estimated to occur, primarily from testing.

h) Materials of Construction

1) Vessel - Stainless Steel plate, 316Ti (UNS S31635, EN 1.4571) per ASME SA-240 specification
or equivalent: all vessel shells, nozzles and head-to vessel flanges shall be made from plate unless
other forms are allowable, under acceptable pressure vessel codes other than ASME sec VIII, div.
1. Material will be provided by the Collaboration.

2) Bolting - Inconel 718 (UNS N77180) to ASME SB-637 standard or equivalent, studs, nuts and
washers. Material will be provided by the Collaboration.

3) Flange Seals

i) Main Head to Vessel Flanges- O-rings: butyl, nitrile, possibly PCTFE or PTFE ((nozzle
flanges only), or special low force Helicoflex (type HN200), aluminum jacket. Main head to
vessel flanges will be double O-ring sealed, the larger cross section O-ring for pressure, the outer,
smaller cross section for vacuum. The annulus between them will incorporate a sense port for
leak checking the O-rings.

ii) Nozzle flanges All nozzle flanges are sized to ASME standards (section VIII, div 1, Appendix
Y) using standard CF knife edge flange bolt patterns. This is to allow use of pressure rated
or tested CF components via an adapter flange, if needed. The flange sealing faces shall be
plain flat faced, to be used only with special interface flange plates having double O-ring, or
O-ring/Helicoflex seals. Design gasket force shall be for Helicoflex Y2 values, if feasible, but at
least 3x Y1 value.



Figure 2: Head Assembly Fixture
22

i) Loads and Load Cases - The vessel supports an internal detector of 12000 kg. The weight is almost
entirely in the form of copper bars supported by the main cylindrical vessel and copper disks supported
by the heads.

A circular array of copper bars, each the full length of the main cylindrical vessel will be mounted
to the internal flanges of the main cylindrical vessel; these comprise a total of 6000 kg. An additional
1000 kg of detector components are attached to each end of the bar array, for a total mass of 8000 kg
supported by the two internal flanges of the main cylindrical vessel, 4000 kg on each flange. These bars
attach to the vessel only by the internal flanges, no contact is made with the main vessel shell.

One head will contain a copper disk of 1500 kg, the other a disk of 2500 kg. , each mounted to
the internal flange of the head. The heads must support this weight in any orientation when detached
from the main cylindrical vessel. Provision is made for differential thermal expansion between head and
disk, to eliminate unwanted stress. The heads are handled separately by attaching lift fixtures to the
flange bolt holes, using through bolts and nuts. To perform the initial separation of the head from the
vessel, some of these flange holes are threaded for a several mm size larger bolt, in order to attach the
head retraction fixture which is used to bring the head up to/away the vessel (on precision rails). The
resulting effective hole diameter still yields acceptable stress levels under operating pressure. These
threaded holes must be sleeved when the head is bolted to the main vessel, so as to prevent interference
between them and the bolt threads. Fig . 77 shows the fixture in use:

j) Overpressure Protection - There are no conditions, short of a fire in the LSC hall that can lead to an
overpressure condition. There are no flammable gas mixtures, nor any oxidizing gases inside the vessel
at any time when it is closed (dry air may be circulated through the vessel when heads are removed
to allow people to work inside). There are only metals, ceramics and common plastic materials such
as polyethylene, PEEK, PTFE, PMMA, epoxy, etc. inside the vessel, There are electrical components
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inside generating no more than 1 kW of heat dissipation, these will be actively cooled with water cooling
circuits, either inside the vessel, or outside, using either the xenon gas or the vessel as a heat transfer
surface (10C maximum allowable temperature rise above 20C ambient; 30C actual temp). Fast vent
capability is incorporated solely for the purpose of minimizing gas loss in the case of an unexpected
leak, as the xenon gas is very expensive and the LSC Hall is an enclosed space. Fast venting, in an
emergency, will be done by actuating a remote operated vent valve leading directly to a large evacuated
recovery cylinder of 20-30 m? (thus reducing pressure to <1 bara). The high cost of the xenon, and the
enclosed underground cavern combined with the potentially dangerous anesthetic properties of xenon
gas preclude venting directly to atmosphere. There will be two relief devices, one passive and one active:

1) Passive: Pilot operated reclosable relief valve, back pressure insensitive - set to 100%MAWP), valve
sized for fire or malfunctioning regulator.

2) Pilot operated servo vent valve, 65 mm vent dia. - Set to actuate only upon emergency signal
(indicating a substantial leak), at any pressure, for fast vent to vacuum tank. maximum discharge
rate is, for xenon at 15 bara 25 kg/sec. This valve will be a straight through design, to eliminate
torque on the nozzle from reaction (it may be located at the end of a 60 cm long nozzle extension).

2.2.2.2 Additional Specifications

a) Material Supplied by Collaboration -

As part of the radiopurity requirement below, the Collaboration will find, measure samples and
purchase all consumable materials used for fabrication, including plate and welding wire. These shall
be purchased and secured prior to commencement of fabrication. Manufacturer shall submit a list of
materials to purchase which must include all necessary allowances for trimming and finish machining.

b) Minimum Thickness Design -

This requirement is driven by the radiopurity requirements below; the proposed design assumes a
weld efficiency of 1.0 for any division 1 calculations and thus will require a full radiographic inspection
of all pressure bearing welds. Welds in category A and B will be required to be full penetration double
welds.

The use of a large number of flange bolts and the specification for using fine thread Inconel 718
bolting material follows, this minimizes flange outer diameter; bolt holes will need higher than usual
dimensional accuracy and must not be rough drilled prior to final solution annealing.

c) Use of Plate Stock for Flanges -

The flat faced flange design used is designed to div. 1 rules, Appendix Y. Div. 1 allows flanges to
be made from plate if no hub is present (which is the case in this design). Plate stock is not ideal for
machining into flanges, and there is some possibility that leakage paths from laminar flaws inside the
plate may compromise the vacuum tightness of the vessel. 316Ti plate is the only permissible form in
Div. 1. and the Collaboration is supplying 50mm stock which precludes rolling and welding into a ring.
Manufacturer is cautioned to perform any necessary tests such as X-ray, ultrasound, or helium leak
checking of samples, above that which are required under ASME code, so as to assure vacuum tightness
as specified in the Specification.

d) Radiopurity Assurance -

In order to assure that all materials used to fabricate the vessel are of high radiopurity and do not
become contaminated in the fabrication process, there will be additional material checks of both raw

11



material, and of samples from each fabrication process along the way. Every effort will be made to
determine the scope of these checks. Therefore Manufacturer has a responsibility to disclose any and all
fabrication processes to be used, both prior to start of fabrication, and through fabrication, inspection
and testing. Each material sample test takes 3 weeks to perform, so Manufacturer must be forthcoming
in disclosures. Tests may be performed on the following items:

1) Possible Tests on Materials
i) ends from all raw plate used to fabricate vessel shells, flanges, attachments and supports
ii) ends from all finished rollings and spinnings after welding, cylinder and both heads
iii) ends from all bar, pipe and tube stock used for nozzles and nozzle flanges
iv) ends or samples from all bar stock used to fabricate flange bolts and nuts, if applicable
2) Procedures -
i) All welding shall be of the gas tungsten arc (GTAW) in accordance with ASME procedures.
ii) The welding will be done by ASME or equivalent qualified welders, as per ASME requirements.
iii) Filler for welding: 316Ti commercial use filler. Filler material samples shall be submitted to the
Collaboration for radiopurity measurement; if unacceptably contaminated, filler metal may be

made from from the supplied plate stock.

iv) All parts shall be thoroughly cleaned prior to assembly and welding for welding per the following
process:

a. All supplies and tools to be used are subject to approval by the Collaboration. Manufacturer
shall submit a list of list of tools and machinery used for cleaning, to the Collaboration prior
to use.

b. The bending rolls shall be cleaned before the bending operation with an appropriate surface
with clean rags.

c. The welding should be done in a clean enclosed space specific to stainless steel, to prevent
inclusion of iron or other contaminants.

d. Filler must be cleaned and dried prior to use, per ASME or equivalent standards.

e. The assembly/welding area should be isolated and clean, without contamination of other
work.

f. Thoriated electrodes, as well as guns and shields previously used with thoriated electrodes
must NOT be used. Plain tungsten (WP EN 26 848, 99.8% minimum tungsten, green),
ceriated, yttriated or lanthanated electrodes are acceptable. Shielding gas is argon with a
minimum purity of 99.99%, group I, IN 439)

e) Precision Tolerances - To assure that vessel is fabricated on time, and to avoid unnecessary rework,

it is imperative to follow a well thought out sequence of fabrications. Manufacturer is to submit a
fabrication plan to Collaboration for approval, as mentioned elsewhere. Fabrication requirements:

12



1)

2)

3)

4)

5)

6)

8

All welding to be performed with flanges in rough machined condition. No flange bolt holes must be
present in head to vessel flanges before full solution anneal, below. Nozzle flanges may be prewelded
to nozzles, finish machined, then welded to main vessel and heads after main vessel solution anneal
below.

Torispheric head shells are recommended be in fully solution annealed prior to welding to head
flanges.

Main cylindrical vessel shell is recommended to be fully solution annealed prior to welding to vessel
flanges.

Vessel and heads shall be full solution annealed after welding (1050C-1120C) for 1 hr minimum,
followed by a slow cooldown period of not less than 8 hrs (4 hrs/25mm of section); vessel and heads
shall be placed with axes vertical on flat surfaces, in a free unstressed, and unconstrained condition
for the duration of this this operation. If annealing is performed as a bright anneal process, argon
or full vacuum must be used; hydrogen shall not be used.

Saddle supports are to be fabricated separately, and solution annealed as above prior to final ma-
chining and welding to main cylindrical vessel.

Nozzles and saddle supports may be welded to vessel and heads after final machining of main flanges,
if Manufacturer is confident final tolerances on drawing can be met.

Drawings

13



7 i 7

NO| Ld 1 8)S30 JONVH) | 3Lva [u3nouddv] woniav [uan
(NOTSTAZH ON) NOISHIA WILINI wunusep |

on [ENE) o1 530 33 01 T 1V O 5 300
EEL 3zZ1s|
Vel 68 G092 o3 =2t} [@ e awmiiumse o
PN TEESARESETN b7 LE ] S L Wl o o o s A 30
[ 73csan - T5os3A dunssadg e |wanes
TSBNYHD N0 LJ37OBd 3w 1L NON3X 001 -IX3N s
err— VINYOdITYI d40 ALISHIAIND 133rosd
d,@;o::ami TYNOILYN A313X438 e
JONIHMYT OANVTHO LS3INY3 3 (G313 133as 3510 Ss3N]
No oS
v
L LHDIY

3IIAY3S WNNIYA HIH Y04 3T8VIDIAYIS 'NOILIONGD NY31D NI G3¥3AM3A 38 TIVHS 135S3A 9

FDINGIS (HHOL 9-%0L) WNNIVA HIIH
ONV (¥v8 7'SL) 34NSS3Yd WNIJ3W HL08 H04 51 13553A S

ONILYIHL LV3H ‘ONIQT13M ‘NOILIIISNI
'NOILYHVd34d "ONINYITI ONINYIINGD ATddY SLNIWIMIND3Y T¥NOILIAQY 7

“INITVYAIND3 N3 80 L "AId “lIA NOILD3S 3003 13SSIA FUNSSI¥d ANV 308 FWSY
HLIM 3IN¥QH00IV NI 03L53L ONV 03LI3dSNI 'Q3LvIld8v 38 OL SLavd 11V €

“YIYNLIVNYW AB 03N3A 38 DL SNOISNIWIA ANYNINITINA ONY
'SNOISNIWIQ 034IND3Y H108 HLH0S S13S ANV "ANVNIWIT3Ed SI ONIMYND SHL 2

NOILYJIID3dS N9IS3A 43S LAD-00L-LX3N H0 LHvd ¥ S| ONIMYHD SIHL
SILON TvdaNTI

V7655192 DMA * 00ING '3LY1d H3IN0D Xi

V965519 DMA ‘' QYNQ 3LV H3A0D X9

LLNOMS

\% q
VL6GM9Z OMA  AV3H JINIHASIHOL XZ-

N

£65Y9Z DMA 'OL-SIW 'ONLS X797
3L¥1d H3ATS 8L TANOINI ‘OL-9b 'AAVIH LN X8Z
8L£ TINOINI * "T'0 WWEZ "MOMYYN 'AAVIH ‘UIHSYM X82ZG

¥065X19Z "DMA 1ISSIA TYIHANITI NIVK

YS9 DMA ' GLND “3LVd 3A0D XZ

LdoL

T

\

T

=

14



7 z 7 € ) ‘ . . .

=D v 301 T s T s 30
<$>7 68GM9¢Z 3T MNL ol [ NOI1d 14753 39NVHD | 3Lv0_ [u3n0uddv] doHiny fean]

SRR L e E L T (NOISIAZH ONI NOIS¥3A I LINT s |V
TISSIA - 1355IN IWNSEIud onp | s
SIWAVHD NOI 1337084 i L NONIX 00L-IXaN

Y IN9O1 Tv3 0 ALISEIAINA
‘u@i&o:mgﬁ TYNOILYN A3713)H38
3JONIYMYT OONYTHO 1SINE3

NO NMOHS

V-V Loyas

FEELXY:
QI WWO97L X WWE 'ONIN-0 XZ-
Ql WWOZEL X WWS 'DNIN-D XZ

x9
& L0681

z
09€L0

0%€el B

xz
AA | - 09ELY

xz
9ely

o |
22
} 09

15




| . | 3 y i c . . .

<5>7 O m m v_ m N o m.mdmiﬁmnxm— @ m o ;ME:EEE.Ewsf NOILdI1¥IS30 JONVHD | 31v0 [43A08ddv| HOHLNY [43n|
SR (NOIS IA3H ON) NOTSH3A WILINI s |V R
13SS3A_ - 13SS3A 3dNSS3dd
Y38WYHI NOI1L33r08d Wil NON3X 00} -LX3N
VINHD4ITv) 40 ALISHIAIND
‘@ﬁ;ozxomi TYNOILYN A313%438 e da 9iXLe X8
JONIEMYT OONY 14O LS3INY3 D0 [ 131335 3simenie ssaI| BN
Saoz N0 NHOHS SSELF ST 0

LLHOIY 009, ]
1694
it 11431
L INOX i
clojg oss
Y e—
yiDjag aas
™~
@ \
) -
/
J
S
s
Xz ]
ﬂA SEELXT—
1oL

ﬂ [AIELAN
, 1) oyNa &Y ST
|
|

0871
z87l

40 ZUL X E9A9 @ 'd0 £ X pEe X8~ gimjag sas

[ERES
3-3 uoyaas

Z1 IS
() S/NG” gjojeg

LdNLZ-9V/L X8
87l
za7l

]
NEHL . PXOL
zoe

SIONV T4 (OYND) TIVWS
SIONVTH (GLNG) 398V

16




: : |

14 3v3S
X9 810430
5

3ONVHD 01 113raNS NV NOLLYHO8YTI0] 3HL A8 03LVINITYI 3V SISIHLINIMVA NI SNOISNIWID ‘Z

Ly ﬂ B E——

WK NI SNOISN3WIO
S3LON

>

<mm>7 0639497 m.mme‘. £ 7 NO|1d 183530 39NVHD | 31v0 [¥3n0udav] womLny [uan
JEPRRELNRELTR] L, INOISIA3d NI NOISH3A TWILINI wnw | Y
13SS3A_- 13SS3IA_3¥NSS3Idd
Y38WYHI NOILJ3r0dd 3WIL NON3X 00} -LX3N
VINEOd | T 40 ALISHIAINA
ﬁﬁ;oimomj TYNOILYN A373X438 :
JONIHMYT OONY 140 LS3IN3 P [ 33as 3simemio ssam]
Gz N0 NHOHS
74 38
gInjag s8s V- uolass
JEE X9 = x9 |
O S
ey
= — e ,

1

5L'7z8L
Sesze®
€
®
SL65EL
Sz09eL? L,
&
|
[zeg)]
az
[oE7] o7t
wr |
[ovare]
(aEl 21
a7l
ﬂU La7L
4 A | £
L ; v
FAlTE R — —
Liojag aas (o
6Iojag 338

INT IVIAYH ANY
ONDTY 0FHNSYIW Sv*

V3793
xz 61Di=a

1Z 31v0s
[N

=

[osxos/s0 =]

czol7

gL

1z 31v3S
FALIER]

§0 oy

3NM_TVIOvY ANY
DNOTY QFANSYIW S¥*

[zd]
=
i
|
IVAQHddY H04 NDIS3IA LIWENS 0L HdW N
Wc <
9
& &

00LZ'0081'006'50 =6

d0 ZLA X E9A9 @1 dd £ xfoms
S1¥vd HLO8 a1

ATddV SIHSINE ONY SIINVHITOL ‘SWId T1¥
'S1YVd YOSdIW 34V SNV LHOW NV 1437

9 ¢

17



€ v 4 5 9 L

v 7o ] V01 La1 95530 39w | 31v0 [smrcuaan] sonine o
(NOISIAZY ON? NOISH3IA TYILINI waunusap |/

f
Ve 06GM97 Tt 28

INIWOT3M 130vaE

13SS3A - T13SSIA IHNSSIHd |
| S38Rv5 011337084 311 NowsX 001" Ixav | F
VINHOS1TYD 40 ALISHIAINN £
ﬁ@:o:}gj TYNOILYN A3T3NH3E fi
3JON3IBMYT 0QNY 140 LSINH3 |

=T I3 TEIS SIS oW
Sl - cas02 N0 NHOHS

g-g uoyJEs

sz9%Z 29 xz]—]

9X7 9Xy
E'DESXZ E0ESXZ|—|
+—[oorx7} o077l
N e =11
lerepexz] o)
[oozxs] [o0zx7—

P
q

f
. A\w%wa EEOLL XZ]
© 0000 m
By

03NW¥3130 38 0L = aaL

X2

18




z 3 v < 3 9 L

7
Ve 06GN9¢ [T =975 [@

19

) NOI1d 143530 3ONVH] | 3L¥0 (43A0dddY¥| HOHINY [3A
IENRENIRERTIT T71Edg € T ; (NGIS 1438 D1 NOISE3A TV ILINT o |V
J3SS3A - T13SSIA3dNSS3Idd e | e e o
IS8T No| 193708 S 1T Novax 00T TR | o Fl
VINHOITV3 40 ALISHIAIND e ]
u%s:;oimgj TYNOILYN A313%438 3 [ S rox xR
3ONIHMYT OGNYTHO LS3INE3 D [ 13308 35 memL ssI
= e s s v
o i SBSE N0 NHOHS
IWolio8
5 [Ela-E[®szo[
_ N\ _
ﬂ_ [o7]
59
AR
[ i
ST
! Eu
52
@3
@3]
2] Ees)
e )
[677]
[057]
[V
@3
[os7] o)
[5275] e | B2
Ma-3pkg1é]
0 Xz X2 xe~ | —dz x z x72W xe
Bz
@3
@3
&9 °
£D)
N\
= lose]




| : | c , i s ) . o Twos .
;

Ve | 6GN9C [T =2t 5} [@ £ owamfresny ]
NERGT Gvan o eay €1 o 1 20 o] G153 ONY NoISHEn 911N Y
WEd oo o e
[ 735537 - Jssah aunssawa | s
VINHOd|T¥] 40 ALISHIAINN 133rodd
Acm»,xﬁ:(mom«j TYNOILYN A373X438 TN
JONIHMYT OGNV 1HO 1SINY3 0 [o313133ds 3sTAEHLG SSIIT]

595492 NO NMOHS

AIND3 ¥D 07Z J3dS WSV ¥3d (SEPLESSNN LL57L NI) LLOLE IVRILYW

3IIAH3S WNNIVA HOH H0< 318VIDIAMIS ‘NOILIONOI NVITD NI 0343AM3A 38 TIVHS Ldvd 9

“TDIAYIS (HHOL 9-*0L) WNNIVA HOIH
ANV (4v8 7'5l) 3¥NSS3dd WNId3W HLOG ¥0d Sl 13SS3A 6

ONILY3HL LV3H 'ONIIT3M ‘NOILIIASNI
‘NOILYYYd3dd 'ONINY3TD DNINYTINDD ATdd¥ SINWIN0IY TvNOLLIAY 7

“INITVYAIND3 N3 80 L "AId A NOLLJ3S 3003 13SS3A 3dNSS3dd ANV 43708 WSV
HLIM 3INYQH033V NI 031S3L ANV 031D3dSNI ‘G3LvOMEvd 38 0L S1dvd 1V €

HIHNLIVINNYW A GIIHIA 3G OL SNOISNIWIO AHYNIWITIE ONY Lave
"SNOISNIWIO 03WN03H HLOE HLH04 S13S ANV "ANYNIWTINd SI ONIMYYA SHL Z

NOILYDID3dS NDISO ¥3SN IA-00I-LX3N 40 Lyvd ¥ S| ONIMYEA SHL L

LLIHIY
SILON TvHINTD

[SRERAN
zas!

x» (7]

(DAL
ErH@s00[%) 58

zLeLy

20




| : f ‘ ) i ‘ , , \

on Vo1 irca [ 1T U s ]
Vel 166 Y00 ond 297,800 o swan [ NO I 1413530 30w | 31 =
INIWOT3M QYR k3 fmlmi 7 | (NDISIAZY ON} NOISHIA TWILINI
REESETNEIRE 3A_3HNSS3d 20 i | e s
|59 No1 1337084 W11 NoNaX oo Ixan ]
VINHOS T2 40 ALISEIAIN

[ELES
RLIEN]

11 3135
g-8 Uoya3g

WGEL-/+ Gyt=0 B X7 b 7_
[5zd]

Lo
LINOYS /

V777727727272222222722222)

v-v uoyaas " 7222222222222

@z

7712 XTI_X-V
yivjag @as| |
78EL \\\

751-0Z]

///l
[
= EHEEE
ol
90 _nﬂ_
Fees ) sceent,
SZQ0EL
=)
SRR
| SLYTELy
= SZSTEL =
Vo gle] 4
H{q SLSEL,
szaza® oo
(€-S77EL NI) S0L ey]
ANI-3NSY) 2
P
[e7i5]
v
(€S77EL N3 SO (AIG-3WSY) 2 N _
S~

LiDjag 238

FOEOA , ,
p@avegle] 7
focwa

21




¢

,
Vo] 16GX9C [T =748

@ o

o L73108a
T L

1706 34013 L1185 T st 30

NO| Ld | HIS30 JONVH) | 31¥0 [43A0uddy] doHLw [uan]

CNOISIAZd ON)_NDISH3A TWILINT e |/

INSWO13M QvaH
73553A - 13S53A FunssIwd

HFEAYHD NOTLJ3r08d IWIL_NON3X 001 - IXaN

VINGOS1Tv] 40 ALISHIAINA

dﬂ;o:mgj TYNOILYN A313438
JONIHMY 1 OONYTHO LSINY3

L71Edyll € 3ms)

e
1304

0
ey

500 FXXX L0 XX 50 X |G

13034 35 im0 ssIWI|

@ i

T

85452 NO NNOHS

]
]

T

[RERAS

1S 3VIS
[EIEH]

SLE
szl

TYAONdY H0d LINENS ONY NOISIO 0L Hol Wo
80H ON 'S3IAIS HLOE 'NOILYHL3N3d 1In4 g

d0 Z/A X E9/A'9 81 dd L XEB X

ZIDjeq 388

3NM IVIAVY ANV ONOTY *

[vlsoo[]

losx05/50 7]

sz0l7]

22



4 14
m @ m V_ @ N ‘0N < | 20 | NOI103r08d | o> /5521 SuNS_ HIVA S[325 35001 7 ¥3LLVIAS 1M “SHeNG IN0H3Y
43A omMa 3ZIS 5 FIONY QYKL oZ°0 % STTONV |m|MHoM GINTHIWW NO “XYW 910" $3903 Wv3ye
0 LXS9LW 'dniLs L7 Leddl L1 3vs 79/L + 'SNOILOVY | Z (2 SSV1) ¥ SOVIHL "1664-HS 7lA SV 43
73SSIA - 13SSIA IUNSS3Iod :3000 ANOBALYD Nwa 3was 1o oo | GO0 FXXXT LOEXXT G0'#X'|T3[ @314123dS ISIMY3IHLO SSIINN
Y3GWVHI NOI1J3r0dd 3WIL NON3X 00l -L1X3N — S3ONVHI | 310 |43A0dddV | HOHLNV [43A
. VIN3O411¥D 40 ALISYIAINN 173roug |13 O NOTSSSH LN UDUNSEP | ¥
€_Ft.u\t>mo._<mom_<._ TYNOILYN A3T3IMH3IA “IWVN
= JONIHYMYT OANY14O LS3INH3I 133r08d
‘S3LON QITVINNY “10S '£€9-8S WSV H3d 814 T3INOINI ‘a0 1 LVW
'S3LON ‘ T 1WW

06592 ‘NO NMOHS

L 1NOYS
7'3¢ X OL-9LIW 797 X 0L-9LIW
L LHOIY
« otmm
N
LLYL
Z: 37VIS Lg7.° .
oy xz- 78—
LOS| 0l —
e
07l

23




| .

!

ON | | NOT1I3r0¥d |35 35001 9 H3LLYIES 0T34 " SHng 30K NO|1d1¥2S30 3ONVHD | 3LvO [43A0¥ddY | YOHLNY [43A
d3A oMma 3zis 39NV QYIHL
133HS
o] R IO A 910" SHH MR (NOISIAZY ON) NOIS¥3A WILINI wunysap |
Jmmmwﬁzm MWMMW MﬂﬂﬁWmma ﬁw%%wmmirgwsﬂgg 7 SSH1) B SORHL “661HG LA V- 434
- Bet /NSZL U SHUNS HIVMW |
Y3GWYHD NOIT133r08d WL NONIX 00l -LX3N —— - S
20+ m
Ty VINYOZ1IVD 40 ALISYIAINN 133r04d Py TRy K
c( AHOLYHOEYT TYNOILYN A313NH3g O Er e |
JONIHUMYT OQNYT1HO LS3INH3I 3O S 33ds 5 IMeaHio ss3Tn
SEI 7 9LE T33LS SSTNIVLS* 1 LYW 685M19Z INO NMOHS
S| ' 7 LW
v L INOYd
] 6l A
6L
V-V uoloas

HEES

L7 VIS

S04 X7

Z1b{=0

g-g uoloas

L'¢ FIVIS

24



*

!

Ven] G6GHI ¢ o0 =

L2 H© O

NO1133r0yd
39NV Qd IHL

S/ZNd

J1v1d d3A02

L71€Edd

13SS3IA -

13SS3IA JINSSIHd

300)_A093LV)

] f3Ws

LNIbd TIWIS LON 00

JT¥3S 35007 § HILLYIAS QTIM “SHHNG FN0W3

NOILd1d3S3d 3ONVHD | 3Lva [43A0dddY| JOHLNY

d3A

YHOM GINTHIVW NO XvW 910" S3003 Nv3d
T SSYT) T SOVRHL 966 NG 7LA IS4

(NOISTAZY ON) NOISHIA IVILINI

ubwnysgp

v

d39WVYHD NOI1133rodd IWIL NON3IX 00L -LX3IN

38333353

VINYO- VD 50 ALISH3AINN
AHOLYHO8YT TYNOILYN A373INH3E
JONIYMYT OANVTHO LSINH3I

HIGWNN
133royd
VYN
133royd

B|UE ANGZL U SHNS THIVW

ol 0+ S3TONV

79/1 = *SNOI1IVHd

G00 *XXX L0 *XX 50 *X

SIINVY3T0L

03141133dS 3SIMY3HLO SSIINN

SaLoN |

L LYW

|

9IE T33LS SSTINVLS

T 10

685X9Z ‘NO NMDHS

L7 37vOS
L11b4ad

7 IXL

N —— oo

(508 xv]
/) ek

*

7

[¥so 0[]

02

[a[v] o B4

%

lalvlzo @4

5%

)24

V-V uoiod3as

L LNOYd
v

L'¢ FTVIS

|joiag a9s

2] [g]

25



| . ' . \

ON | 40 | NOTL33708d | 135 35001 3 U3LLVTAS 013N “Seg 3NNy NOIL1d143S30 JONVHD | 31v0 [43A0MddY| HOHLNY
d3A omad 3zis JIONV QY IHL
sk o] O GNIHIN N0 X0 910 S303 3 (NDISIAZY ON) NOISY3A TVILINI uounysgp
B e — Y Y A L e
- B NG7| - S4dNS HIVW | =
438WYHI NO|133708d IWI L NONIX 00l -LX3N 3ENON 5 ol
Z0r - 5
Ty VINYO-1IYD 40 ALISH3IAINN 173r 0yd 97, = SN0 v | =
r 55555 AHOLYHOEY T TYNOILYN A3T3IMH3E VN 00 T 10 XX o X1 8
JONIHUMYT OANYTHO LSINHI O e 395 3 MaaHlo Ss3n
S3LON i 9LE T33LS SSTINVIS " b LVW 695292 ‘NO NMOHS
SaLoN | ' 7
Sp=1% i
S | S
V-V uoldasg 1]

T
H
10l 3TV3IS gv[szo B 1&
LiD2d @
~ S/ 8y
// sz67?
,
AN 3 t
[-02%2] =
Lmiaq ass

LS 3OS
g-g uol

BEIS
2
El

26




Pressure Vessel Design Calculations Al calculations following by D. Shuman, except where noted.
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Active volume dimensions, from earlier analyses:

Ixe = 0.53m 1Xe =1.3m

We consider using a field cage solid insulator/light tube of 3 cm total thk., and a copper liner of 12 cm thickness,
including all tolerances and necessary gaps.

tee = 3cm toy = 12cm
Pressure Vessel Inner Radius, Diameter:

Ri_pV = I')(e + th + tCu Ri_pV =0.68m Di_pV = 2Rl_pV Di_pV =1.36m

Pressure vessel length:

main cyl. vessel overall, inside
L, = 1.6m L, :=22m
Temperatures:

For pressure operation, the temperature range will be 10C-30C. For vacuum operation, the temperature range will
be 10C to 150C (bakeout).
Maximum Operating Pressure (MOP), gauge:
MOP,,, == (Ppjop, — Ibar) MOP,,, = 14 bar
Minimum Pressure, gauge:
m

P i,=—15bar the extra 0.5 atm maintains an upgrade path to a water or scintillator tank

Maximum allowable pressure, gauge (from LBNL Pressure Safety Manual, PUB3000)

From LBNL PUB3000, recommended minimum is, 10% over max operating pressure; this is design pressure at
LBNL. This is for spring operated relief valves, to avoid leakage. Use of pilot operated relief valves can reduce this to
as little as 2%, as they seal tighter when approaching relief pressure:

MAWP,, = LIMOP,, ~ MAWP = 15.4bar

P:= MAWPpV
Mass supported internally by pressure vessel

Internal copper shield (ICS)

Detector subsystems, est.

Mep = 750kg Mtp = 200kg Mg, = 350kg
Length inside vessel of copper, total
LCu = 2.0m

Mass total of internal copper shielding:
Mjcs = Mcs_cyl t Mics_en t Mics_tp ~ Mics = 10000kg
Maximum mass supported on internal flange of each head:
Mp = Mycs_gp
Maximum mass supported on each internal flange of the main cylindrical vessel:

My = O'S(MICS_cyl + Mfc) + M, My, =3925kg this mass will be present when heads are not mounted

Estimated approximate total vessel mass carried on supports (numbers from calcs below):



vessel heads

M, = pSS'(ani_pv' 10mm-L, + nRi_
Total detector mass:

Mge = Mycg + Mep + Mg + My,

P

+ M,

2
v -12mm + 4-271:Ri

-p

flanges

V~4.20m-50m) M, = 1179kg

4
Mger = 1.248 % 10" kg



Vessel wall thicknesses

Material:
We use 316Ti for vessel shells and flanges due to its known good radiopurity and strength.

Design Rules:

ASME Boiler and Pressure Vessel code section VI, Rules for construction of Pressure vessels
division 1 (2010)

316Ti is not an allowed material under section VIlII, division 2, so we must use division 1 rules. The saddle

supports are however, deisgned using the methodology given in div. 2, as div. 1 does not provide design formulas
(nonmandatory Appendix G)

Maximum allowable material stress, for sec. VIII, division 1 rules from ASME 2009 Pressure Vessel

code, sec. Il part D, table 1A: Youngs modulus

Smax_316Ti_div1 = 20000psi -20F - 100F ESS_aus = 193GPa

color scheme for this document
input  check result (all conditions should be true (=1)

xx:=1 xx>0=1

Choose material, then maximum allowable strength is:

S = Sax_316Ti_divl

Vessel wall thickness, for internal pressure is then (div. 1), Assume all welds are type (1) as defined in
UW-12 , are double welds, fully radiographed, so weld efficiency:

E=1
Minimum wall thickness is then:
PRj py

t =
pv_dl_min_ip S-E - 0.6P tpv_dl_min_ip =7.75mm

We set wall thickness to be:

t . = 10mm 1

pv tpV > tpV_dl_min_ip =
Maximum Allowable External Pressure

ASME PV code Sec. VIIl, Div. 1- UG-28 Thickness of Shells under External Pressure

Maximum length between flanges L == 1.6m

The maximum allowable working external pressure is determined by the following procedure:

Compute the following two dimensionless constants:

L 2R
LI — PV 136

Ri_pv tpv

2

From the above two quantities, we find, from fig. G in subpart 3 of Section I, the factor A:



FIG. G GEOMETRIC CHART FOR COMPONENTS UNDER EXTERNAL OR COMPRESSIVE LOADINGS (F
MATERIALS) LNOTE (1421
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Using the factor A in chart (HA-2) in Subpart 3 of Section II, Part D, we find the factor B ( @
400F, since we may bake while pulling vacuum):

FIG. HA-2 CHART FOR DETERMINING SHELL THICKNESS OF COMPONENTS UNDER EXTERNAL PRESSURE
DEVELOPED FOR AUSTENITIC STEEL 16Cr-12Ni-2Mo, TYPE 316
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Factor A

B := 6200psi @ 400F
The maximum allowable working external pressure is then given by :
4B
- 32R—i_pv P, = 4.1bar P in = 1.5bar
tov

BB =i




Flange thickness, head to vessel main flanges:

inner radius max. allowable pressure

R; py=068m P = 15.4bar (gauge pressure)

The flange design for O-ring sealing (or other self energizing gasket such as helicoflex) is "flat-faced", with
"metal to metal contact outside the bolt circle". This design avoids the high flange bending stresses found
in a raised face flange (of Appendix 2) and will result in less flange thickness. The rules for this design are
found only in sec VIl division 1 under Appendix Y, and must be used with the allowable stresses of
division 1. Flanges and shells will be fabricated from 316Ti (ASME spec SA-240) stainless steel plate.
Plate samples will be helium leak checked before fabrication, as well as ultrasound inspected for flat
laminar flaws which may create leak paths. The flange bolts and nuts will be inconel 718, (UNS N77180)
as this is the highest strength non-corrosive material allowed for bolting.

We will design with enough flange strength to accomodate using a Helicoflex 5mm gasket
(smallest size possible) specially designed with a maximum sealing force of 70 N/mm.

Maximum allowable material stresses, for sec VIII, division 1 rules from ASME 2010 Pressure Vessel
code, sec. Il part D, table 2A (division 1 only):
Maximum allowable design stress for flange

4 .
Sf = Smax_316Ti_div1 Sf = 137.9MPa Sf =2x10 ps1

Maximum allowable design stress for bolts, from ASME 2010 Pressure Vessel code, sec. |l part D, table 3

Inconel 718 (UNS N0O7718) Smax N07718 = 37000psi

Sp = Smax_N07718 Sp = 255.1MPa

From sec. VIII div 1, non-mandatory appendix Y for bolted joints having metal-to-metal contact outside of
bolt circle. First define, per Y-3:



FIG. Y-3.2 FLANGE DIMENSIONS AND FORCES
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hub thickness at flange (no hub)

gy = tpV g = tpV gp = 10mm
Flange OD

A = 148m
Flange ID

B = 2Ri_pv B =136m
define:

B1::B+g1 B1=137m
Bolt circle (B.C.) dia, C:

C:=143m
Gasket dia

G:= Q(Ri vt _65cm) G =1.373m O-ring mean radius as measured in CAD model:

(b) Forces and Moment Arms

corner radius:

g = 10mm = max(.25g1 ,Smm) r; =5mm

68.65-:2 = 137.3



Note: this diameter will be correct for Helicoflex gasket, but slightly higher for O-ring, which is fluid and
"transmits pressure" out to its OD, howgever the lower gasket unit force of O-ring more than compensates, as
per below:

Force of Pressure on head

H:= .785G2~MAWPpV H =2.31x 106N

Sealing force, per unit length of circumference:

for O-ring, 0.275" dia., shore A 70 F= ~5 Ibs/in for 20% compression, (Parker O-ring handbook); add
50% for smaller second O-ring. (Helicoflex gasket requires high compression, may damage soft Ti
surfaces, may move under pressure unless tightly backed, not recommended)

Helicoflex has equivalent formulas using Y as the unit force term and gives several possible values.
for 5mm HN200 with aluminum jacket:

N min value for our pressure N recommended value for large diameter seals,
Yl = 70— Y2 = 220—

mm and required leak rate (He) mm regardless of pressure or leak rate

for gasket diameter Dj =G Dj =1.373m

Force is then either of:

Fm = TEDJYl or F_] = TCDJY2
F,, =3.019x% IOSN Fj =9.489 x 105N

Helicoflex recommends using Y2 ( 220 N/mm) for large diameter seals, even though for small diameter one
can use the greater of Y1 or Ym=(Y2*(P/Pu)). For 15 bar Y1 is greater than Ym but far smaller than Y2.
Sealing is less assured, but will be used in elastic range and so may be reusable. Flange thickness and bolt
load increase quite substantially when using Y2 as design basis, which is a large penalty. We plan to
recover any Xe leakage, as we have a second O-ring outside the first and a sniff port in between, so we thus
design for Y1 (use F,;;) and "cross our fingers" : if it doesn't seal we use an O-ring instead and recover
permeated Xe with a cold trap. Note: in the cold trap one will get water and N2, O2, that permeates through
the outer O-ring as well.

Start by making trial assumption for number of bolts, nominal bolt dia., pitch, and bolt hole dia D,

j nax = 140

n= 132 dy, = 16mm maximum number of bolts possible, nC
Npax = trunc

using narrow washers: 0dy,
Choosing ISO fine thread, to maximize root dia.; thread depth is:

p¢ = 1.0mm hy = .6134-p,

using nomenclature and formulas from this chart at http://www.tribology-abc.com/calculators/metric-iso.htm



H=086603FP h=061343P H=054127F E=Hf%

+ H/E
Hiz Mut 60° "
H *,.__ .1_._X e / I N N S
Hf ( Hi4 P e
| 4 R
DD, D, P d; d d
metric screw threads (S0 724 (DIN 13 T1)

Mominal  Pitch root pitch minar diameter thread height drill
diameter radius  diameter diameter

d=p P rod2=02 3 o1 W3 H mm
M100 025 003 0B 0693 0729 0153 0135 075

M110 025 003 0938 0793 0829 0153 0135 085

M120 025 003 1098 0893 0929 0153 04135 095

M140 030 0043 1205 1032 1075 04184 0162 110

M160 035 0051 1373 1471 1221 0215 04183 125

M180 035 0051 1573 1371 1421 0215 04189 145

M200 040 0058 1740 1509 1587 0245 0217 16D

M220 045 0065 1908 1648 1713 0276 0244 175

M250 045 0065 2208 1948 2013 0276 0244 205

M3IOD 050 0072 2675 2387 2453 0307 0271 240

M350 060 0087 3410 2764 2850 0368 0325 290

M40D 070 04101 3545 39141 3242 0429 0379 330

M45D 075 0108 4013 3580 3688 0D4E0 D406 3E0

MEOD 080 0115 4490 4019 4134 0491 0433 420 .
MEOD 100 (0144 5350 4773 4917 0541 500 <—--use h3for 1.0 mm pitch
M700 100 0144 B350 5773 5317 0613 0541 BOD
M800 125 0180 7185 6486 6647 0767 0677 680
MOOD 125 0180 B198 74ER 747 0767 0OE77  TED
M10.00 150 0217 9026 8160 B37E  0.920 8.50
M1100 150 0217 10026 99160 9376 0920 0812 950
M1200 175 0253 1083 9853 100 1074 0347 1020
MA400 200 0289 12701 11546 11835 1227 1083 1200
M1B00 200 0289 14701 13546 13835 1227 1083 1400
M18.00 250 0381 1G376 14933 15334 1534 1353 1550
M2000 250 0361 18376 16933 17.294 1534 1353 17.50

<--- use H1 for 1.5mm pitch

Bolt root dia. is then:

Total bolt cross sectional area:
T2 2
Ay = n-z d3 Ay = 226.263 cm
Check bolt to bolt clearance, here we use narrow thick washers (28mm OD) under the 24mm wide (flat to flat)

nuts (28mm is also corner to corner distance on nut), we adopt a minimum bolt spacing of 2x the nominal bolt
diameter (to give room for a 24mm socket) :

nC
nC —2.0n-dy 20=1 actual bolt to bolt distance: — =34.034mm
n
Check nut, washer, socket clearance: OD,, := 2d;, this is for standard narrow washers, and for wrench
sockets which more than cover the nut width across
0.5C ~ (0.5B + g +17) 20.50D, = 1 corners

Flange hole diameter, minimum for clearance :

D :db+2mm D =18 mm

tmin * tmin ~

We will thread some of these clearance holes for M20-1.5 bolts to allow the head retraction fixture to be bolted
up the the flange. The effective diameter of these holes will be the average of nominal and minimum diameters.
To avoid thread interference with flange bolts, the studs will be machined to root diameter per UG-12(b).in
between threaded ends of 1.5x diameter in length. The actual clearance holes will be 18mm, depending on

achievable tolerances, so as to allow threading where needed.



H; = .812mm from chart above

dmin_20_1.5 = 20mm — 2-H, dmin_20_1.5 =1.838cm this vyilll be max bolt hole size or least material
condition (LMC)

dmin_20_1.5 2 Dgmin = 1

D := 0.5(20-mm + d;piy 20 1.5) De=1919cm

Dy = Dg Dy > Dy =1

Compute Forces on flange:

We use a unit gasket seating force of Y1 above

5
Hg:=F Hg=3.019% 10°N

m

hg = 05(C - G) hg=2.85cm from Table 2-6 Appendix 2, Integral flanges

2 6
Hpy = 785-B"-P Hp=2.266x 10°N
R = 0.5((3 - B) -g R =25cm radial distance, B.C. to hub-flange intersection, int fl..
hp =R +0.5g, hp=3cm from Table 2-6 Appendix 2, Int. fl.

4

Hp:= H - Hp, Hp=4353x 10'N
hp = 0.5-(R' +g+ hG) h =31.75mm from Table 2-6 Appendix 2, int. fl.

Total Moment on Flange
4
Appendix Y Calculation

P =15.4bar

Choose values for plate thickness and bolt hole dia:

t:=4.15cm D:= Dt D=1919cm

Going back to main analysis, compute the following quantities:

C+ B,
B = = B=102 ho=05A-C) he=25em
1
A+C ._ D _ = 3
= 5 a=1.062 AR = C AR =0.564 hg = ,B gy hp=11.662cm
1

3

1 4 1+ AR —
— atan -1 —2AR g = 7.462 % 10
n — AR

We need factors F and V, most easily found in figs 2-7.2 and 7.3 (Appendix 2)



g1
€0

Y-5 Classification and Categorization
We have identical (class 1 assembly) integral ( category 1) flanges, so from table Y-6.1, our applicable
equations are (5a), (7) - (13), (14a), (15a), (16a)

since =1 these values convergeto  F := 0.90892 V := 0.550103

2-h h h h
1 D C 1 D C
JS =+ — | + TEI'B JS =0.083 JP = — 4+ — |+ TE'I'B JP =0.062
Bl B a Bl B a
(5a) g 2(h + F-t 4
0 \"0 - = .
B ( ) F = 2806x 10 S’ Mp =7.797x 10° N-m
\'%
A=148m B =1.36m
A K2 +1
K:= 5 K=1.088 Z:= Z=11.854
K2 -1
fi=1 hub stress correction factor for integral flanges, use f =1 for g1/g0=1 (fig 2-7.6)

t = Omm NO spacer between flanges

1:=2t+t,+05d, 1=9.1lcm strain length of bolt ( for class 1 assembly)

Y-6.1, Class 1 Assembly Analysis
http://www.hightempmetals.com/techdata/hitemplnconel718data.php
Elastic constants:

E:=Egg qus E=193GPa  Ep . onel 718 = 208GPaEy = Eypeoner 718

Flange Moment due to Flange-hub interaction
—Jp-F'M
P P
Mgi= —— Mg =-18x% 103N-m
3 .
t +IJgF

)

Slope of Flange at I.D.

5.46 —4 opening half gap =
= =y . = 8
g : 3(JS Mg+ Jp-Mp) 6p =5903x 10 (8) 8-3cm = 0.018 mm
E-mt E-0p = 113.924 MPa
Contact Force between flanges, at h:
Mp+ M
P S 9
Hp= ———— He = 3.045x 10°N @)
h¢
Bolt Load at operating condition:
W1 = H+Hg+ He W1 =5.657% 10°N (10)
Operating Bolt Stress
Wi
Op=—— G, = 250 MPa Sy, = 255.1MPa (11)
A
b
E .
g = —— rg = 0.928 elasticity factor

Epolt



Design Prestress in bolts

1159-he ™ (Mp + Mg)

Sl = Gb - Sl = 243.7MPa

3
a-t lorEoBl
Radial Flange stress at bolt circle

6(Mp + Mg)

SR BC= T SR_BC = 135.4MPa (13)

tz(n-C - n.D)

Radial Flange stress at inside diameter

2F-t Mg
SR_ID = — + 6| SR_ID =1.61 MPa (143)

hO + F-t nBl-tz

Tangential Flange stress at inside diameter

t‘E-eB 2F-t-Z MS (15a)
St = + - 18 St = 2.46 MPa
B, hy + F-t 2
TCBl‘t
Longitudinal hub stress
hy E-0n-f
0 B 16a
Spi=———— Spy = 19.372MPa (16a)
g1
091 — | By-V
0
Y-7 Bolt and Flange stress allowables: Sp =255.1MPa  S¢=137.9MPa
(a) Gb < Sb =1
(b)
(1) Sy<1.58=1 S, hot applicable

(2) not applicable
(C) SR_BC < Sf =1
SR_ID < Sf= 1

(@)  Sp<Sp=1

(e) SH + SR_BC
=T 5=

S+ S
H R_ID

(f) not applicable

Bolt force

2 4
FbOlt = Gb785db FbOlt =5.024x 10 N

Bolt torque required, minimum:



for pressure test use 1.5x

Tbolt_min = 02Fb01tdb Tbolt_min =160.8N-m Tbolt_min =118.61bf -ft this value

This is the minimum amount of bolt preload needed to assure joint does not open under pressure. An additional
amount of bolt preload is needed to maintain a minimum frictional shear resistance to assure head does not slide
downward from weight; we do not want to depend on lip to carry this. Non-mandatory Appendix S of div. 1 makes
permissible higher bolt stresses than indicated above when needed to assure full gasket sealing and other
conditions. This is consistent with proper preloaded joint practice, for properly designed joints where connection
stiffness is much greater than bolt stiffness, and we are a long way from the yield stress of the bolts

Mpead = 2500kg Hss ss =7 typ. coefficient of friction, stainless steel (both) clean and dry
4
Vhead = Mheadg Vhead =2452x 10 N
Vhead 4 . . . .
F, = F, =3502x 10'N this is total required force, force required per bolt is:
Hss_ss
Fi bolt = : Fy bolt = 265.331 N this is insignificant compared to that required for pressure.

Let bolt torque for normal operation be then 25% greater than minimum:

TbOlt = 1'25Tb01t_min TbOlt =201 N-m TbOlt = 148 ft-1bf

It is recommended that a pneumatic torque wrench be used for tightening of bolts. Anti-seize lubricant (checked for
radiopurity) should be used on threads and washers. Bolts should be tightened in 1/3 full torque increments, but
there is no specific tightening pattern to be used, as gasket compression is not determined by bolt tightness. The
head lift fixture may be retracted once all bolts not occupied by lift fixture have been tightened to the first 1/3
torque increment; there will be adequate frictional shear resistance to eliminate head slippage while detaching lift
fixture. Bolts should be run up uniformly to fully close gap before proceeding with tightening. Do not forget to install
sleeves in all threaded holes after removing lift fixture.

Additional Calculations for Shielding Weight:

Shear stress in inner flange lip from shield (could happen only if flange bolts come loose, are left loose, or if joint
opens under pressure, otherwise friction of faces will support shield, given additional tension, as permissible under
non-mandatory Appendix S above )

Masses of Copper shielding in cyl and heads (maybe extra in tracking head)

3 kg
tCu=0.12m tCu_h = 20Cm Lff = 1.6m pcuzgx 10 fax=X
m
— 2 _ 3
Mh_head = pCu'nRi_pv ‘lcu_h Meh head = 2.615x 10" kg
3
Mch_cy1 = Peu 2™ R pytoyler  Mgh_cy1 =7-383%x 10 kg
4 . _

M, = Msh_cyl + 2Msh_head M, = 1.261x 10 kg slightly less than this, due to gaps

tlip = 3mm

Shear stress in lip (projected force):

M sh_head &

Thp = R =12.57MPa

"c .
li
i_pv’ tlip P

Shear stress on O-ring land (section between inner and outer O-ring), from pressurized O-ring. This is assumed to be
the primary stress. There is some edge moment but the "beam" is a very short one. This shear stress is not in the
same direction as the nominal tangential (hoop) stress of the flange.



Uand_radial = -306M  Wang axjal = -4lem
F O_ring_land = 2TERi_pv'"Vland_axial'P
AO_ring_land = 2"tRi_pv'tland_radial

) FO_ring_land
Tland = Tland =1.778 MPa

AO_ring_land

Bolt loads from Cu bars

The internal copper shield bars are attached to the inside flanges with M6-1 bolts. The worst case for attachment
ar the bars with collimation holes; these are narrow where they attach. For a flange hole pattern of 240 bolts, there
are 5 attachment holes at each end.

d 6= 4.77mm On the tracking side, the bars will be pulled up tight to the inside flange. On the energy side

root_M they must float axially, this is done using a special shoulder bolt which provides a loose
double shear connection. Worst case would be single shear, where the tracking side bolts
are left loose.
Mcubar vfan = 225kg
0.5Mybar_vfan'8
Tbo]t_cubar = — Tbolt_cubar = 12.347 MPa
T 2
5'2 droot_M6

This stress is inconsequential, as bolts will be ASME SB-98 silicon copper UNS C65500 - HO2 (half hard cond);
this material should be radiopure and has > 20% elongation in the hard condition. Shear strength in yield is 50%
Sy.

Sy_65500_H2 = 38000psi Sy_65500_H2 =262.001 MPa

Ssy_65500_H2 = 035y 65500 H2 ~ Ssy_65500_H2 = 131 MPa



0-Ring groove dimensions

the Recommmended range of compression for static face seals is 21-30% in the Parker O-ring handbook;
Trelleborg recommend 15-30%. For each nominal size, there are several cross sections, metric, JIS and
A-568. lty ios recommended by this author to design a groove which can accomodate all these cross sections
with squezze in the acceptable range, so as to give the most flexibility.

For large diameter O-rings, Parker recommends using one size smaller to avoid sag. This is feasible
for the inner O-ring, as the undercut lip is on the ID of the groove, but will not work on the outer vacuum O-ring
as the undecut must be on the OD (otherwise the undercut may reduce seal effectiveness). Using an O-ring 1
or 2 sizes larger on the outer O-ring may develop enough compressive stress to retain O-ring in groove, but this
should be tested. Stiffer compounds may help here if there is a problem Regardless, the groove dimensions
should account for the stretch or compression of the O-ring which changes its effective cross section diameter.
There are several close sizes that Trelleborg makes unspliced O-rings from (these are strongly preferred) and a
stiffer than normal compound could be used for the vacuum O-ring, if needed

Inner (pressure bearing) O-ring:
Groove wall radii (average), depth, inner corner radii:

Rngo = 688.7mm Rngi = 682.25mm dOpg = 3.8mm rip = lmm

O-ring inner radius, cross section diameter, unstretched
Ep—— . 5 metric size
Opi = °oPmm - Cop = | < 5, ™™ AS - 568 size
O-ring elongation (tangential direction, normal to cross section)
R .
Eopt = 1- —Opi. €0pt = 3.261 % recommeded less than 3% (Trelleborg); 3% is our min. target
Ogpi
Bulk Modulus of most rubber polymers is very high, material is essentially incompressible (Poisson's ratio = -0.5)

Strain, O-ring cross section, in axial direction

Sopa = —O.SSOpt Sopa =-0.016
O-ring dia., stretched:
4918
dOpS = dop(l + Sopa) dOpS = 5953 mm
Resulting squeeze (using the vectorize operator to continue parallel calculations)
—_—
d -d
o) o) 22.74 1
sq = % P8 sqp, = 15% < sq, <30% =
P dops P \27.659 P 1

O-rina aroove cross sectional area,

1 m) 2 -5 2
Aopg = [dopg.(Rogpo ~Rogpi) = (E - Ej.rip } AQpg=2558x 10 "m

Trelleborg recommends no more than 85% fill ratio
_—
Ty 2

® 4 Ops ® (74.274) , R 8501 1
fp = — fp = 4 fp < o =
AOpe 84.718 1

Outer (vacuum) O-ring:

Groove wall radii (average), depth, inner corner radii:



ROgvo = 697.66mm ROgvi = 692.93mm dOVg = 2.6mm Ly = 0.6mm

O-ring inner radius, cross section diameter, unstretched

E——— d e 3 metric size note: there are several intermediate sizes
Ovi = VMM GOy = | 5 oo MM metric/JIS size
O-ring elongation (tangential direction, normal to cross section)
R .
Eoy=1- _ovi EQyt = —3-35% recommended less than 3% (Trelleborg); we go for ~5% here as
Ogvi compression should not compromise integrity
Bulk Modulus of most rubber polymers is very high, material is essentially incompressible (Poisson's ratio = -0.5)

Strain, O-ring cross section, in axial direction

SOVa = _O'SSOVt SOVa =0.027
O-ring dia., stretched:
d doy (1 +€0ya) d 08
= . € = mm
Ovs Ov Ova Ovs 3.645
Resulting squeeze
_
d —-d
(0] o) 15.591 1
sqy = — ay = 15% < sq,, < 30% =
doys 28.669 1

O-ring groove cross sectional area,

1 m) 2 -5 2
AQyg = [dOVg.(ROgVO ~Rogyi) ~ (5 - Ej.riv } AQyg=1268x 10 “m

Fill ratio; Trelleborg recommends no more than 85%:

—
Ty 2
4 Ovs 58.752 1 We should have a comfortable margin here
RfV = fv = (7 RfV < 85% =
ong 82.269



Support Design using rules of div 2, part 4.15:
From the diagram below the rules are only applicable to flange attached heads if there is a flat cover or
tubesheet inside, effectively maintaining the flanges circular. Since the PMT carrier plate and shielding is firmly
bolted in, it serves this purpose and we may proceed. We must also compute the case with the heads
attached, as there will be additional load

a) Design Method- although not specifically stated, the formulas for bending moments at the center and at the
supports are likely based on a uniform loading of the vessel wall from the vessel contents. In this design, the internal
weight (primarily of the copper shield) is applied at the flanges; there is no contact with the vessel shell. We
calculate both ways and take the worst case.

-
i S —
N

[N I I

— a

T
—— ¢

Finure 4 151 — Harizontal Vessel on Saddle Sunnorts

{a) (b

Figure 4.15.2 — Cylindrical Shell Without Stiffening Rings



L =L M, := 12000kg L=16m
b= 1.5cm amin = -18Lgr ag;, =288cm  a:=29%cm 0 := 120deg R, = Ri_pv + 0.5t
by = minf (b + 1.56- [Ryyt, ). 2:a by = 14.411cm hyim 20em K= O
6,:=6+ Ll 61 = 130deg maximum reaction load at each support:
12
4
, Q:=05M;,rg Q=5884x10'N
L 2-a-LL 3 4
M| =-Qa:1- m M| =1.676Xx 10" N-m Qa=1.706x 10"J
2
I+—
3L
_ 5 5 -
(k2 -1y?)
1+
2
QL L 4a 3
M2 = " - M2=9875X 10" N'm
4 4-h, L
1+—
3L
4
Mlv = Q~a M = 1.706 x 10 N-m
4
M2v = Mlv M2v =1.706x 10 N-m
Q(L —2a
= Q T =3215x% 104N
4hy
L+—
3

4.15.3.3 - longitudinal stresses

distributed load (ASME assumption)

P.R M
2
6= —2 _ 6 = 52789 MPa
17 o 2 1
VR,
P.R M
2
6,= — 4 6+ = 54.128 MPa
2= 2
tpv R %t
TRm v

same stress at supports, since these are stiffened, as a<0.5Rm and close to a torispheric head

PRy
37 o 2

pv o Rm pv

My

G4 = 53.345MPa

end load ( actual)

P.R Mo,
2
Gy — B G4 = 52.301 MPa
'™ oy 2 1
VR
P.R Mo,
2
6= —2 4 6+ = 54.616 MPa
2= 2
tpv R %t
TR8m oy

a<05R, =1

PRy
3T o 2

PV mRp T,

Mlv

G3v = 52.301 MPa

pv



PRy, My PR, M
+ 6y = 53.572 MPa Oy = +

Gy = 54.616 MPa
2t 2
pv TRt

(5422
pv TR "t

2t
m pv

pV
4.15.3.4 - Shear stresses
A= A =139
6 12

o= 0.95(7: - gj o=1.99

sinla) K, = 1.171
7 - o + sin(a) cos(at)

K2 =

here we use c), formula for cyl. shell with no stiffening rings and which is not stiffened by a formed head, flat
cover or tubesheet. This is worst case, as we havea flange, which can be considered as one half of a

stiffening ring pair for each support.

KT
) Ty =— 1, = 1.749MPa (4.15.14)
an-tpV
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Figure 4.15.5 — Locations of Maximum Longitudinal Normal Stress and Shear Stress in the Cylinder

(a)

4.15.3.5 Circumferential Stress

1+ cos(oc)

T—-0+ sin(oc)-cos(oc)



0

B=n-— B =2.094
2
. 2 . 3 . 2 .
3-005([3) sin| [3) 5-sm(B)~cos(B) cos(B) sm(B) COS(B) B) 1 sm(Z-B)
: - - + — B-sin(B - -
4 4-B 2 4-B ( 2 4-B
K6 =
. 2 . (2 B)
sin( B | sin(2:
Sl [SB)Y 1
B 2 4P
K¢ =-0.221
a
—<05=1
Rm
Ko
a) Max circ bending moment
1) Cyl shell without a stiffening ring
Mg = K7:QRp, Mg =-2.223 10°Nem
c) Circ. stress in shell, without stiffening rings
xy = 0.78 ’Rm'tpv X| = 06.456cm Xy = X) k=0.1
_KS.Q.k
06 = 062—3.104MP3
tpV‘(b + Xl + X2)
L<8R =1
m =
L=lom by = 14411cm
12K+-Q-R
— 7
o7i= Q - i 6 = 156.484 MPa (4.15.25)
tpv’( —+ Xq + x2) L‘tpv2
too high; we need a reinforcement plate of thickness;
t, = T strength ratio:  n :=1 (4.15.29)
12K+ -Q-R
— 7
Oy i= Q - =z G5, = 36.569 MPa (4.15.28)

4(t,, + N-t.)b 2
( pv ™M r) 1 L‘(tpv + n-tr)
f) Acceptance Criteria

3)

S =1379% IOSPa S=2x 104psi

o] <1258 =1

4) this section not applicable as t.>2t =0

p



4.15.3.6 - Saddle support, horizontal force given below must be resisted by low point of saddle ( where height = h)

. 2
F, = Q Lt cop) - 055infp) F =5242x 10°N h = 9em
h ] +[3'sin([3)cos([3) h . s
F
op = b'_:s G}, = 38.833MPa

Support on, and Attachment to floor

The vessel has four points of connection ("corners") to the seismic platform, two on each saddle support; each
connection point consisting of two M16mm  studs. Other possibilities exist. Pressurization or thermal excursion
(bakeout, cryogen spill from ArDM) will result in dimensional changes of the vessel, so it is required to use low
friction pads under the supports to constrain the vessel in a 2D kinematic fashion. One corner is fixed, two others
are slotted to allow sliding in one direction (orthogonal to each other), and a full clearance hole pattern at the fourth
corner allows sliding in both directions.

& machined pockets,
mm deep f
PTFE or UHMWPE /
pads, 6mm thk. /

16-2 studs captured in pockets

(thread into
seismic supports




bottom view ot main pressure vessel |

ransverse sliding,
ixed longitudinal

longitudinal and
transverse sliding

threaded holes for
jacking/leveling
screws

ixed corner, no
sliding

longitudinal [
sliding, fixed
transverse

“[M16-2 studs

brass |
keys

transverse sliding support detail
Imachined pocket in base to
Isecure bearing pad

brass or bronze keys to

provide uniform bearing
pressure

steel washer

small clearance

between washer and asher bolts down
base ight to ke

Vessel length and width change under pressurization and heating:

length between saddle supports: Pressure load, longitudinal

6
L=Lg-2a Lo=1.02m Ri py=068m  t, =10mm Hp=2266x 10°N
saddle support width, transverse

W = 1.2m

stresses in vessel shell, longitudinal and tangential (hoop):

Hp P-R.
. GlOl’lg =53.041 MPa GhOOp = —t GhOOp
i_pvipv pv

Glong = iR =106.137 MPa



length width changes from pressure:
ESS_aus =193 GPa

(¢ -L
1
oL = e S 8L = 0.28 mm
ESS_aus
Shoop Vs . . . . . N . .
dwg = ———— dwg = 0.66 mm in reality, the support itself will restrain a significant portion of this
ESS_aus deflection, since the saddle is welded to the vessel shell

thermal growth, 150C bakeout

agg:= 1610 °%k "' upto 100G
AT, = 150K - 20K

€th_ss = gg'ATy

Sv_t =€ 98 W Sv_t =2.496 mm
8v_l = Sth_SS'Ls 8v_l =2.122mm

bakeout will only be performed under vacuum condition.

These deflections (from either pressure or thermal excursion) are substantial enough to warrant the use of low
friction pads under three of the four supports, which will allow the vessel to slide both lengthwise and widthwise
when pressurizing/depressurizing or baking. In addition there is a remote possibility of cryogen spillage, perhaps
from ArDM which may chill the vessel, so a capacity for contraction equal to the above expansion should be
designed in. Bolt holes should be slotted, with sliding keys to give uniform bearing pressure on slots under
transverse loads, as described above. In addition, each corner should have one large tapped hole for a
leveling/jacking screw that will allow bearing pad replacement, in situ.

Bolt shear stress from seismic acceleration

The maximum horizontal acceleration from a seismic event is expected to be much less than 1 m/s2; we use a
design value here of:

m
Ahoriz = 2 >
s
- _ 4
Fhoriz = Mot @horiz Fhoriz =24x 10°N

Bolt area required:

We calculate for all horizontal load taken on two corners only, since we will have sliding supports. We calculate for
austenitic stainless steel bolts:

SSllp_bOlt = Sf SSllp_bOlt = 137895 MPa
maximum shear stress:
Ss_sup_bolt = 0'Sssup_bolt

bolt area required, per corner

O'SFhoriz

2
Asup_bolts = S =1.74cm

Asup_bolts

s_sup_bolt

assume 2 bolts per corner, for redundancy and symmetry about support web. with 2 bolts, the only critical
dimension to match between the holes in the support and the holes in the seismic frame are the distance
between the hole pairs (hole pattern rotation need not be matched). The sliding keys can be custom machined if
needed to compensate for mismatch.



d d =10.526 mm this is required minimum root diameter

4
;'O'SA sup_bolt =

sup_bolt = sup_bolts

Support uses (2) M16-2.0 bolts on each corner, root diameter is 12mm

Bearing design
Assume a full square contact patch under each corner;accounting for bolts and keys:

2 2
Abearing =by - 4Asup_bolts Abearing =200.724 cm
Bearing pressure is then (assuming a non-leveled condition where full weight is supported on two diagonal corners):

Mot g

0.5 = 425.162 psi

Pbearing = Pbearing

Abearing
Maximum allowable bearing pressures and temperatures (we may bake vessel at 150C with copper shielding inside)

frrom Slideways bearing catalogue (similar to table 10-4 in J. Shigley, Mech. Engin. 3rd ed.)

Physical Properties of Various Materials

_Physical Properties _ UHMW___ OF/UHMW _Wood __ MDNylon MNylon _ PTFE__ Acetal
PV Capacity (psi-fpm) 2,000 6,000 15,000 3,500 2,700 1,000 3,000
Max Pressure (psi) 1,200 600 1,000 2,000 2,000 500 1,000
Max Velocity (fpm) 100 500 500 150 100 400 100
Max Continuous Temp (°F) 180 160 160 220 180 500 200

Dynamic Coefficient
of Friction vs. Steel (dry) .15-.20 .13-.16 0.09 .15-.35 .16-.43 .04-.10 .15-.35

Material for Bearing Pad
We choose only unfilled plastics, as most fillers are not radiopure (possible exception: bronze filled PTFE). PTFE
(unfilled), @500 psi , has little margin for stability, but any creep flow will act to equalize pressure over all 4
supports, resulting in a lower, stable pressure. Furthermore it is the only material that can withstand 150C,
although the temperature at the supports will be substantially less than 150C, due to the poor thermal
conductivity of SS. Cooling of supports should be performed in case of bakeout, regardless. Bronze-filled PTFE,

UHMWPE (non-oil-filled), nylon, or acetal may also be used; cooling of support pads during bakeout would be
mandatory.

Jacking screw diameter

Each jacking screw must be able to lift half the entire weight of the detector. We look for a low grade bolt that can
support this force

4 4
Figi= 05Mog  Fig=5884x 10N Fy = 1.323x 10" Ibf

Use 90% yield strength as allowable stress (non critical)

F.
Ajs = —F Ajs = 3.16101112
0.9-8y 31611
) 4
djs_root = ;Ajs djs_root =20.061 mm

Use an M24-2 bolt at each corner. Lubricate or PTFE coat (preferred)

Saddle support bending stress



Cross section of saddle support is an I-beam, with a central "web" connecting two "flanges" We check bending
stress in support at bottom of vessel, where cross section height is a minimum.
Vessel axis height (axis above floor) RO_PV = Ri_PV * tPV R0_PV = 69cm
h,, := 80cm
flange and web thicknesses, widths:

te = 2cm wep = bl W = 14411 cm ty = 1.5cm t.= 1cm

I-beam web height, not including flanges:

hy, = hy, - (Ro_pv + o+ tyyy) hy, =8cm

I-beam Area Moment of Inertia:

Parallel axis theorem
sum moments of flanges and web about axis thru top surface , then divide by total area to find neutral axis
Ap=bpt Ay = tyhy Afl1 = Wartag

Ap(05t) + Ay (tp + 0.5hy) + Agp(t + hy, + 0.5tg))

¢y =6.435cm down from top surface

Cl =
AL+ Ay + Agy
b3 N 3
ok Lo wiw Lo Mt by =
LT v =" | |t T
4 4 D N T
I, = 1.201 cm4 I, = 64cm L) = 9.608 cm ¢
— o o = t
d.= 0.5t — ¢ dy = (tp+ 05hy) —c dgp = (tp+ hy + 0.5tg) —cp hw = tw L
d,=-5.935cm dy, =-1435cm dgpp =3.565cm
_ 2 2 2 — ' -
Is_min = e+ Ardp )+ Ly + Ayrdy )+ U + Apprdp ty
4 b
Is_min =973.459cm % Wa

Consider as a uniformly loaded beam, simply supported on each end

load per unit width (along the long dimension; transverse to vessel axis)

0.55M; ;- g
o= e o= 539.366£

WS cm

Moment at center:

2
Wy

4
M, = 12% 10 kg

M =9.709 x 103 N-m

Msup_max = 3 sup_max

Maximum stress, tensile in flange under vessel

M -0.5h
__ "'sup_max w B
sup_max "~ 1 Osup_max = 39.893 MPa

c
S_min

This is low enough to allow support only at corners; we do not need to support under the full width of the support
feet.



ANGEL Torispheric Head Design, using (2010 ASME PV Code Section VI, div. 1, UG-32 Formed
heads and sections, Pressure on Concave Side, Appendix 1-4 rules eq 3

P=1561x 1O6Pa E=1 S=2x 104psi
[.D.

D1 = 2Rl_pV

O.D.
D0 = Di + 2t D0 =1.443m

. Knuckle radius:
Crown radius:

LCr = lDi LCr =1.36m I = O'IDi I = 0.136m

. 8 S . = 206.843 MPa
E=1 Sy = 20000psi Sgiy1 = 1379% 10" Pa y_316Ti

Appendix 1-4 mandatory Supplemental Design Formulas

UG-32 does not give equations for a range of crown and knuckle radii; these are found in App 1-4

L
— =10
Ikn
L
N DL PO s M = 1.541
4 rkl’l

Minimum shell thickness:
P-L. M
t, . == t.:,=11.871 mm (3)
M= o8 E—o02p MM

note: we will need full weld efficiency for the above thickness to be permissible, as per UG-32(b)

this formula is only valid if the following equation is true ( 1-4(a))

t . tmin

0 S 0.002=1

3

=8729%x 10

cr
LCI'

Set head thickness:
th = 12mm

Note: under EN_13455-3 rules for 316Ti, a thinner thickness of 10.25 mm is possible, due to a higher maximum
allowable strength at the knuckle. Below is an analysis from Sara Carcel



Torispherical heads, Vill, Div 2
KORBBOGEN

D 1360

t 10

De 1380

L 1104

ri 212.52

L/D 0.81176471 Ok

ri/D 0.15626471 Ok

Li/t 110.4 Ok

B 1.01880199

0] 0.49440713

R 752.567792

C1 0.71313518r/D>0,08

c2 1.05371176

Peth 64.2498476 E=117000

C3 206|Sy=206MPa

Py 3.37117586

G 19.0585868

Pck 6.73919067

DIN 28011
r=0,1L
1360/ Diametro interior
10
1380
1360/ Diametro interior corona
136
Entre 0,7 y 1, ver 4-49
0.1 Mayor de 0,06
136 Entre 20 y 2000
1.11024234
0.85749293
697.850818 Si @<
0.6742
1.2
44.2387943
206
1.57121205
28.1558395
3.14731728 G>1

EN 13445-3 (316Ti, para D

gZN-< x

L]

N

L]

peslion]
o o

eb
ey
es
Thickness

166.666667
0.1

10
0.00735294
2.13353891
0.84954918
0.86799204
0.51421113
0.86799204
1.52
8.66383993
10.2275849
6.21577196
10.2275849



Nozzle wall thickness required
Internal radius of finished opening
R, =4.4cm

Thickness required for internal pressure:
PR,
t., =——— t.. =0.501 mm
M S.E-0.6P m
We set nozzle thickness

t, == 7mm we are limited by need to maintain CF bolt pattern which has typically a 4.0 inch OD pipe with room
for outside fillet weld
Do = 2(Ry, + ) D, =4.016in

Thickness required for external load

Nozzles on head may be subject to several possible non-pressure loads, simultaneously:
1. Reaction force from pressure relief, (fire) or fast depressure (auxiliary nozzle only)
2. Weight of attached components, including valves, expansion joints, copper or lead shielding plugs, high
voltage feedthrough.
The nozzles may all have nozzle extensions rigidly attached which create to possibility of high moments being
applied to the nozzles, not just shear loads. We consider the direction and location of center of gravity for these
loads:

o= 11328
L_.:= 58cm Pb-— "%
ne cm3

Forces and centers of gravity (I):

2
=R, Lo Ppp g Fypp = 391N Ighp = 0.5L 0

shp shp

(factor of 2 to account for flange weights)

ne n ne n
Fast vent reaction force, as calculated below

Wpe = 2:(27R Lygty Psg)e Woe = 176N Iyype = Ig

Fp, = 3700N  worst case is venting upward, at right angles to nozzle axis (we plan to use a straight through
valve, regardless, for which reaction force will not produce a bending moment and will simply

. reduce longitudinal stress from pressure)
Moments:

MShp = FShplshp Mshp =113N-m

Mwne = Whe'lwne Myype =51.1N-m
MfV = FfV.Ll'le MfV = 2146 N-m

Total moment:

My = Mg, + Mo+ Mype M =2310N'm

Moment of Inertia, bending

3 4
I, = (R +0.56)) -ty I =235.7cm
Stress, bending (longitudinal)
. M- (R, + ty)
Cn1= [ ®nl= 50 MPa
n

Stress, circumferential ( hoop)



Gy o= 9811 MPa

Criterion for acceptable stress - use maximum shear stress theory:
Maximum shear stress (min. stress is in third direction, = zero on outside of nozzle):

Gn 1~ OMPa 2

= [|————— | 1,=25MPa OK (J. Shigley, Mech.Eng. 3rd ed., eq. (2-9)
2

Compare with maximum shear stress from minimum thickness nozzle (pressure only, no applied moments)

PR,

6, = 137MPa

Additional Factor of Safety, over ASME factor of safety:

FS = — FS =27 OK

External pressure:

Nozzles on head are very short; no analysis needed. Nozzle extensions are longer:

Lne =58cm the = 7mm
L R
2 6591 22 12571
n tne
From charts HA-1 and HA-2 above:
Ape =02 B . == 13000psi
4B,
Pa_ne = Tn Pa_ne = 93.795 bar OK
3 -
tne

UG-37 Reinforcement Required for Openings in Shells and heads
Reinforcement is not required for the DN40 and DN75 flanged nozzles welded to the main cylindrical vessel as per

UG-36 below:

UG-36 (c) (3) Strength and Design of finished Openings:



(3) Openings in vessels not subject to rapid fluctua- <--no rapid fluctuations, condition met
tions in pressure do not require reinforcement other than
that inherent in the construction under the following condi-
tions:
(a) welded, brazed, and flued connections meeting
the applicable rules and with a finished opening not
larger than:

3% in. (89 mm) diameter — in vessel shells or heads with <-- applicable to cyl. vessel,
a required minimum thickness of % in. (10 mm) or less; condition met for DN40; DN75

23/8 in. (60 mm) diameter — in vessel shells or heads over ngr%!ﬁsapplicable to cyl. vessel, but is
a required minimum thickness of % in. (10 mm); applicable to heads; condition not met

for DN100 nozzles, reinforcement needed
(b) threaded, studded, or expanded connections in

which the hole cut in the shell or head is not greater than ~ <--not applicable
2% in. (60 mm) diameter;

(¢) no two 1solated unreinforced openings, in
accordance with (a) or (b) above, shall have their centers
closer to each other than the sum of their diameters;

(d) no two unreinforced openings, in a cluster of
three or more unreinforced openings in accordance with
(a) or (b) above, shall have their centers closer to each
other than the following: for cylindrical or conical shells,

o
o

<-- condition met

<-- condition met

(1 + 1.5 cos 6)(d; + d»)-
for doubly curved shells and formed or flat heads,

2.5(d, + d»)

In addition, there are no significant external loads on the radial nozzles of the vessel, only the weight of an HV
feedthrough at 45 deg angle; this is insignicant compared to the maximum loads and moments possible on the
head nozzles (which are similar in size and thickness). Proceeeding with the head nozzle reinforcement:

Reinforcement for the DN100 flanged nozzles welded to the torispheric heads is required and calculated according
to UG-37 :



FIG. UG-37.1 NOMENCLATURE AND FORMULAS FOR REINFORCED OPENINGS

GENERAL NOTE: Dp
Includes consideration of these areas if . tn R .
SplSy < 1.0 (both sides of ¢) ﬁ .ﬂt e
N, e, VM . -
} [ . N - - TR 1y
! | e
2.5t or 2.5rn+ re ' / : | &
Use smaller value /‘"r_'r-{ X & Lot . ! % o — |
11 1 I 1N -
* 2SI HIE S | 7777722 N
t ' LIPI -

v 1L
§

N
3
SN
Y
N
“{f
— —_— -\\ .A: -‘.‘-
h, 2.5t, 2.51; . f ‘\%

P
e []
s R T e e e amarm— -
vt
: See UG-40
' h ! d ————————p] A
Use smallest value ! ' . i for limits of
‘ | }—\._....' ! reinforcement
|"—dorR +t +t dorR _+t_+t 7|
n n n n
~— ] ~ ~
Use larger value f Use larger value

For nozzle wall inserted through the vessel wall —D-l-‘— For nozzle wall abutting the vesselwall

nozzle and reinforcement are also 316Ti

tiny = 0.501I mm d:= 2R, d=88cm F:=10 f:=10 f,:=10 Ej:=1f,:=1
L=t =12mm  :=0mm h:=0mm leg; = 0mm A= 12mm  leg, = 1.4t leg, =0.98cm

We will need a reinforcing pad, as the head is already minimum thickness and the nozzle is much thinner. Note: this
is for ASME; sec VIII, div. 1. European Codes allow thinner thickness for 316Ti.

te:=12mm Dpj:=18d D,=0.158m (from UG-40 Limits of Reinforcement) f, =1  leg, = .71t,

p
Area or reinforcement required:

Apeq = G1eF + 2 B (1 -1, Apeq = 1056 % 10° mm”
Area available in shell:
Appi= d(Ept=F) = 2t (Ept = Fy)(1 - )
Aqp = 2(t+ ty) (Bt = Fty) = 2t (Ept = Foty)-(1 = fq)
Al = maX(Ala’Alb) Al = Omm2
Area available in nozzle projecting outwards
Aga= 5ty ~ tr) Fi t Ay, =389.914 mm’
Aoy = 2(ty ~ tr) (25t + t) iy Agp = 383415 mm”
Ay = min(AggAgy) Ay =383415mm’

Area available in nozzle projecting inwards



2
A3a = Sttlfrz A3a = 0 mm
2
A3b = 5t1tlfl’2 A3b =0mm
2
A3C = 2ht1fr2 A3C = 0 mm
. 2
A3 = mln(A3a,A3b,A3C) A3 =0mm
Area available in weld, outward
2 2
Ayp = leg, fp Ayq =96.04mm
Area available in outer element weld
2 2
Ayp = legy fiy Ayp =72.59mm
Area available in weld, inward
2 2
Ayz = legi fin Agz3 =0mm
Area available in reinforcement
2
As=(Dp—d = 2ty)tgfy  As=676.8mm
Total Area available
2
Al + A2 + A3 + A41 + A42 + A43 + A5 = 1229mm
Area required:

Areq = 1056 mm2

Al+A2+A3+A41+A42+A43+A5ZAreq=1

Torispheric Head, per DIN
A thinner head thickness of 10.58mm is calculated by S. Carcel to DIN formula; this is acceptable. It is not yet
clear whether or not reinforcement pads are needed.
Pressure Relief Capacity requirements
There are two possible conditions 1. regulator failure and 2 external fire
va =2.1m length of vessel , inside average R, ,y=0.69m outer radius

o_p
Pressure vessel outer area:

2 2
Apy = 2R, "+ 21R, oLy Apy = 12.096m

From Anderson Greenwood Technical Seminar Manual, fire sizing is:

MAWP
Apy p,o= — PV

F-A' 2 F' = .045 Al=—— 1 si A'=130.198

A o= -in Y 5 p
orif P fi
\’ 1 P; =226.38
.2 Kp:=1
Aggif = 0.389in ki=1667 D
. 4 3

dorif = T Aorif dorif = 0.7951n



However we will want to use the higher value which gives a fast vent , so as to safe Xe in case of leak

Ayepg = TG0mm)” A =4383in”

vent -
e ®
Mass flow: " psi T := 535 R, ambient
NW
M. 1ol
k+1 a- a_Xe om
2 k-1
C. = 520 |k C. =377.641 Avent
g k+ 1 g Ay =
1n2 ZC — 95
A .C.-Kn-P- [M
D Ib K Ib
W= — 8 a2 W=24419"8 W =1938x10°=

’T‘ZC hr S hr

Reactive force, from same ref. (pg. 49)

W= W Pp=0
T Ib

(k+1)-M,

3
Fri= Ibf  Fp=3.694x 10°N
T 366 T



Tolerance analysis
Flange bolt holes:

First consideration is to realize that flanges absolutely must mate and bolt up without interference. This
means that tolerances must not be considered to add up in any statistical manner, all features must be
considered as being both at their limits of positional tolerance (oppositional) and in their maximum material
condition (MMC). That is, all holes and female features are as small as the tolerances allow, and all bolts and
male features are as large as the tolerances allow. Materials are all similar, so temperature ranges need not be
considered, but part deformations under load must be factored in.

Heads will be assembled to the vessel by first mounting them to an adjustable cradle support which
allows precise motions in all 6 degrees of freedom ( translations in x,y, and z, plus pitch, yaw and roll about the
center axes). This lift fixture is mounted on roller slides that move along the central vessel axis. The head is not
assembled to the vessel by hanging it loosely from a crane hook, though this, and other methods are acceptable
during construction.

A desirable, but not mandatory, design goal here is to assure that once the shear lip is assembled to the
vessel ID, the bolts will all insert without further translational alignment (rotation may still be needed). Thus, if the
vessel ID and mating shear lip are at MMC, and there is no remaining clearance between them, then the total bolt
hole tolerance is equal to the hole to bolt diametral clearance, at MMC. This must be shared between the head
and flange holes so the tolerance for each will be half the diametral tolerance. That is: for a 2 mm diametral
clearance, each bolt hole axis may be as much as 1.0 mm off its nominal position; the total will be no more than 1
mm which produces an effective aperture 2 mm smaller than the hole diameter, = 16 mm and bolts will still
assembile. In other words, the hole axis must be within a 1 mm radius (2 mm diameter) circle, thus the true
position tolerance for the bolt holes is (a cylinder of) 2 mm dia. this is illustrated below:

effective bolt hole dia.
10 e 16.0

= /—vessel flange bolt hole

T /’180

maximumyfolergnce zaone far each hale axis

110 |

head flange bolt hole

18.0

each hole oxis, must fall within this circle

nominal hole position

dcl_mmc = 18mm

dy, = 16mm note root diameter is less, but threaded portion is 25 mm long and must pass through both
holes simultaneously

We need to account for vessel flange deflection under load which will distort the hole pattern. Maximum deflection,
in the vertical direction is:

Sﬂ = 0.1lmm

This is from an ANSYS workbench model with a 60000N load applied to each vessel internal flange,
no head present. Assume head flange is undistorted



toh_max = 9cl_mme ~ (db + 8ﬂ)

tbh_max =1.9mm

This is total maximum positional tolerance diameter for each flange hole, assuming the nominal hole positions of
head and vessel flanges are in alignment.

There are two ways to specify bolt hole positional tolerance, either with respect to themselves as a pattern
(the pattern otherwise unconstrained) or each hole individually, with respect to the specified datums. The former is
a precisional tolerance, the latter an accuracy tolerance, (which is more difficult to achieve).

For the case where there is no remaining clearance between the shear lip and the vessel ID, when both
are at MMC, the requirements for accuracy and precision are the same, and ty;, may is the maximum allowable
positional tolerance with respect to the datums A/B,C/D, and E/F; that is we have only an absolute accuracy
requirement for bolt hole positional tolerance.

Any radial clearance between the shear lip and the vessel ID, with both at MMC, allows the two hole
patterns to shift, as an ensemble, with respect to each other. This allows a larger maximum allowable positional
tolerance of the holes with respect to the datums A/B,C/D, and E/F (accuracy requirement), but still requires that
the hole pattern still be toleranced to ty, max Or smaller, with respect to itself (a local precision or repeatability
requirement). This is accomplished with two tolerance blocks on the drawing. The drawback is that the shear lip
and vessel id may assemble, but in a shifted condition, such that bolts will not assemble. Additional alignment will
then be needed. The cure for this is to tighten the tolerance (from t,, nax ) On the hole pattern in reference to itself,
by the maximum shift that can occur when the shear lip and vessel ID are in LMC condition. Given that these are
large features, their tolerance will necessarily be large.

Set:
tbh = 1.5mm tbh < tbh_max =1
Ri_pv = 680 mm ARi_pv = 0.25mm (+/-)
) ) (+/-)
Rsl = 679mm ARsl = 0.25mm

Nominal radial clearance between shear lip and vessel, both at MMC:
rCl = (Rl_pV - ARl_pV) - (Rsl + ARSl) rCl =0.5mm

Check: I > 28g =1 Head will assemble to flange with full detector mass loading (safety factor>2)

The radial clearance between shear lip and vessel ID (both at MMC) is represents an additional tolerance that we
can add to the accuracy tolerance, because we can use it to shift the patterns to match. Since tolerances are
specified on a diameter basis, we add 2x the radial offset (minus 2x the deflection):

tbh_acc_max = 'bh + 2(rcl - 8ﬂ) tbh_acc_max = 2-3mm

Using this value might require a very high alignment precision to find the proper bolt alignment so we use a
slightly smaller value

tbh_acc = 2mm

Will head and bolts "auto-assemble" (assemble without further translational alignment) for shear lip and vessel ID

at MMC?
Check:  tph_ace < tbh_max = ©

If false, additional shift of head relative to vessel may be necessary, even though shear lip assembles to vessel

ID. If true, we can proceed to check for the case of shear lip and vessel ID at LMC, below:

Maximum offset of shear lip and vessel ID axes (both at LMC)
ArCl = (Rl_pV + ARl_pV) - (Rsl - ARSl) ArCl =1.5mm

Maximum offset of bolt holes for flanges at LMC, bolts and holes at MMC



ArCl + tbh =3 mm

check if bolts will assemble with vessel ID and shear lip assembled at LMC (fully misaligned), without further
translation alignment:

Are) + tph < thh max =0

We conclude that we may need to further translate and rotate the head relative to the vessel in order to align the
bolt holes, even though the shear lip assembles. Since no "autoassembly is possible, we can loosen the
accuracy requirement conditionally by specifying the true position tolerance for circular datum C or D at MMC
condition; this allows the final bolt hole accuracy tolerance to increase by the amount datum C or D are from
MMC.

The head must be retracted for this operation as the actual clearance between the shear lip and the
vessel ID will not be known. Furthermore, the adjustment of the struts is not performed simultaneously, and large
intermediate translations or rotations of the headmay take place prior to achieving the final small alignment. This
would cause an interference of the shear lip with the ID, with possible damage. Internal components may require
further retraction of head prior to alignment. LBNL Engineering Note 10182B, D. Shuman, provides a general
method and MathCAD worksheet for determining the needed strut adjustments to align a component. The 6 strut
head alignment and assembly fixture designed for the heads has Cartesian motions which are largely uncoupled
and should be simple enough to adjust intuitively without needing this methodology.

Equivalent maximum radial, angular misalignments of bolt holes (given here as +/- values) for all parts at MMC.
These describe square tolerance zones inscribed within the circular tolerance zones

With respect to each other (precisional tolerance)

71
Arbh = Ttbh Arbh =0.532mm (+/')
71 'bh
Ath = — Ath =0.045 deg (+/-)
2 R

With respect to datums A/B,C/D,E/F  (accuracy tolerance)

71
Alph aee = Ttbh_acc Arpp gee =071 mm (+/-)
71 tbh_acc
Aebh_acc = Aebh_acc =0.06deg (+/-)
2 R



Head Nozzle and Flange Calculation, DN100 (CF) size Nozzle

Internal radius, nozzle

Rn = 44mm

Nozzle wall thickness

Required nozzle wall thickness, for internal pressure is:

MAWP«(RH)
ty = ty = 0.601 mm
Smax_304L_divl Ew — 0.6 MAWP

We set wall thickness to be:

ty = 7mm i 2 g = 1

Flange thickness:

Note: we design, if possible for standard CF bolt pattern so as to allow possibility of using CF flanges prebolted to
adapter plates, on extra long screws. This allows CF flange/adapter plate to be preassembled and tested for both
pressure and leak tightness prior to installing as an assembly onto pressure vessel flange. This will require utmost
care to tighten nuts without loosening the CF joint. It is recommended that a torque wrench be used on the bolt
head to maintain full tightness while tightening nut on opposite side.

The flange design for helicoflex or O-ring sealing is "flat-faced", with "metal to metal contact outside the
bolt circle". This design avoids the high flange bending stresses found in a raised face flange (of Appendix
2) and will result in less flange thickness, even though the rules for this design are found only in sec VIII
division 1 under Appendix Y, and must be used with the lower allowable stresses of division 1.

Flanges and shells will be fabricated from 316Ti (UNSS31635, EN 1.4571, ASME spec SA-240)
stainless steel plate. The flange bolts and nuts will be either 316 SS, or Inconel 718, (UNS N77180), if
required, as this is the highest strength non-corrosive material allowed for bolting.

We will design to use one Helicoflex 3mm thick gasket with aluminum facing (softest).

Maximum allowable material stresses, for sec VI, division 1 rules from ASME 2010 Pressure Vessel
code, sec. Il part D, table 2B:

Maximum allowable design stress for flange
Sf = Smax_316T1 Sf =137.9MPa
Maximum allowable design stress for bolts, from ASME 2010 Pressure Vessel code, sec. |l part D, table 3

Inconel 718 (UNS N07718) 316 condition/temper 2 (SA-193, SA-320)
Smax_N07718 = 37000psi Smax_316_bolt = 22000psi

Sb = Smax_NO7718 Sb =255.1MPa

From sec. VIII div 1, non-mandatory appendix Y for bolted joints having metal-to-metal contact outside of
bolt circle. First define, per Y-3:



FIG. Y-3.2 FLANGE DIMENSIONS AND FORCES
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(b) Forces and Moment Arms

corner radius:

g =t, g =t; gy=7mm g =7mm
Flange OD
A := 16.5cm
Flange ID
B = 2R, B =8.8cm
define:
By =B +2g B;=102cm
Bolt circle (B.C.) dia, C:
C = 13.0cm
Gasket dia
G := 2(R, + .5cm) G =0.098m

)= min(.Sgl,Smm) r = 3.5mm



Force of Pressure on head

H:= .785G2~MAWP H=1.177x 104N

Sealing force, per unit length of circumference:

for O-ring, 0.275" dia., shore A 70 F= ~5 Ibs/in for 20% compression, (Parker o-ring handbook); add
50% for smaller second O-ring. (Helicoflex gasket requires high compression, may damage soft Ti
surfaces, may move under pressure unless tightly backed, not recommended)

Helicoflex has equiv. values of Y for the ASME force term F and gives several possible values
for 3mm HN200 with aluminum jacket:
N min value for our pressure N recommended value for large diameter seals,

Y, = 185—

Yy= 2SE and required leak rate (He) mm regardless of pressure or leak rate

for gasket diameter Dj =G Dj =0.098m

Force is then either of: F. = 1.D:-Y
Fm = TEDYl J =T ] 2

J or \
F =7.697x 103N Fj =5.696x 10N

Helicoflex recommends using Y2 for large diameter seals, even though for small diameter one can use the
greater of Y1 or Ym=(Y2*(P/Pu)). For 15 bar Y1 is greater than Ym but far smaller than Y2. Sealing is less
assured, but will be used in elastic range and so may be reusable. Flange thickness and bolt load increase
quite substantially when using Y2 as design basis, which is a large penalty. We plan to recover any Xe
leakage, as we have a second O-ring outside the first and a sniff port in between, so we thus design for Y1
(use F,,) and "cross our fingers" : if it doesn't seal we use an O-ring instead and recover permeated Xe with a
cold trap. Note: in the cold trap one will get water and N2, O2, that permeates in through the outer O-ring as
well.

Number of bolts, root dia., pitch, bolt hole dia D, (these are from DN75 CF standard dimensions (VACOM
catalog)

n = 16 d, = 8mm p¢ = lmm hy = .614p,
root dia.

-3
dy:=dy,-2h3  d3=6772x10 "m

T 2 2
Ab = n~Z~d3 Ab =5.763cm

Check bolt to bolt clearance, for box wrench b2b spacing is ~ 1.2 in for 1/2in bolt twice bolt dia ( 2.4xd,) ):

C
nC - 24n-dy 20 =1 ”n.db =3.191
Check nut, washer clearance: OD,, := 2d;, this covers the nut width across corners
0.5C — (0.5B + gy +17) 20.50D, = 1
Flange hole diameter, minimum for clearance :
Dtmin = db + 0.5mm Dtmin =8.5mm
Set:

Dt = 9mm Dt > Dtmin =1



Compute Forces on flanae:

Fn 7.697% 10°
Hg = E. Hg = 4 from Table 2-6 Appendix 2, Integral flanges
J 5.696x 10

hg=05C~-G)  hg=16cm

Hpy = .785~B2-MAWP Hpy = 9.488 x 103 N
Here we add in the force on the nozzle from externally applied moment of:
M, = 2310N-m from shielding, venting, etc as calculated elsewhere)

This force acts through the nozzle and can be thought of as an an additional force to be added with Hp. To
calculate, we compare longitudinal stresses in nozzle from pressure to that from moment:

ID oD Moment of Inertia, nozzle
. . _ T 4 4 4
dgi= 2R, dp = 2(Ry + 1) = \dn i I, =236.963cm

max. bending stress:
_ M- (R, + )
oM= o) = SOMPa
n

this is somewhat high, we compare with allowable longitudinal stress from pressure with minimum
thickness nozzle (as calculated above)

Hp

SD min =~ OD_min = 23 MPa OM <OD min=! OK

2n(Ry, + 0.5t )ty

max long stress from pressure:
Hp,

op = op = 4.54 MPa
D 2m(Ry, + 0.5t )-t, D

then let the equivalent force be:

(¢}
M 5
F, = —Hp F,=1.039x 10°N
Sp

R = ()_5((: - B) - g R =1.4cm radial distance, B.C. to hub-flange intersection, int fl.
hpy = R + 0.5g; hp = 1.75¢cm from Table 2-6 Appendix 2, Int. fl.

3
HT =H - HD HT =2279% 100N

hp:= 05(R + g + hg) hp=18.5mm from Table 2-6 Appendix 2, int. fl.

Total Moment on Flange (maximum value)

3
2.1x 10
29x%x 10
Appendix Y Calc

P .= MAWP P =15.4bar

Choose values for plate thickness and bolt hole dia:

t:=2.lcm D:= Dt D=09cm

Going back to main analysis, compute the following quantities:



C+ B,
= B=1137 hc:=05(A-C) hc=0.018m

=

2B,
A+C _ nD 3 _ .

_ aci4s AR= T AR=0353 hgis [B-g,

2B,
4 1+ AR
atan( ) -n —2AR rg =0.018

- hg = 0.025m

We need factors F and V, most easily found in figs 2-7.2 and 7.3 (Appendix 2)

since — = these values converge to F := 0.90892V := 0.550103
€0
Y-5 Classification and Categorization
We have identical (class 1 assembly) integral ( category 1) flanges, so from table Y-6.1, our applicable

equations are (5a), (7)-(13),(14a),(15a),16a)

2-h h h h
1 D C 1 D C
JS =+ — | + TEI'B JS =0.475 JP = 4+ — | + TE'I'B JP =0.325
Bl B a B] B a
3
(5a) g0 2(hp + F-t 2.149% 10
0 \"0 - = :
F‘:=¥ F=3911x 10 'm’ Mp 5 [Nm
\Y% 2.937x 10
A =16.5cm B =8.8cm
A K2 + 1
K:=— K=1875 Z:= Z =1.795
K2 -1
fi=1 hub stress correction factor for integral flanges, use f =1 for g1/g0=1 (fig 2-7.6)hu
tg:= Omm NO spacer
1:=2t+t,+05d, 1=46cm strain length of bolt ( for class 1 assembly)
Y-6.1, Class 1 Assembly Analysis
Elastic constants http://www.hightempmetals.com/techdata/hitemplnconel718data.php
E:= Egq qus E=193GPa Elnconel_718 = 208GPa Epolt = Elnconel_718
Flange Moment due to Flange-hub interaction
—JpF-Mp -2453
3 . —335.3
t +IgF
Slope of Flange at I.D.
—4
5.46 5.649 x 10 109.018
0= ——(JgMg +JpMp) 6= Efp = MPa (7)
B STSTPTP T 4 B 71 149.001
E-mt 7.72 % 10 '
Contact Force between flanges, at hg:
Mp + Mg 1.088x 10° (8)
Hp = ———— He =
1.487 x 105

he



1282 10° 9)
N

Wml Z:H+HG+ HC Wm1: 5
_ 2.174x 10
Operating Bolt Stress
o) 223\ ba S, = 255.1MP
O = — = a = . a
b7 A b7 3772 b (10)
E .
g = ——— g = 0.928 elasticity factor
Epolt
Design Prestress in bolts
1159-he ™ (Mp + Mg) 10,9 (11)
31 361.4
a-t rEBl
Radial Flange stress at bolt circle
. 6(MP+ MS) 98 (12)
SRBCT | SR_BC ™| 1359 ) MF2
t(n-C -nD) '
Radial Flange stress at inside diameter
S o 6 Vs S 1925 MP (13)
e— + . = a
R_ID hy + F-t 2 RID ™\ 16.299
nB -t
Tangential Flange stress at inside diameter
tE-6pg 2F-t-Z Mg 22.86 (14a)
St:= + - 18 St= MPa
B, hg + F-t .. 31.24
nB -t
Longitudinal hub stress
S hy-E-8p-f S 52.991
H™ H™{ 72,426

2
g1
091| — | BV
g0
Y-7 Flange stress allowables: Sp =255.106 MPa  S¢ = 137.9MPa

1
(a) Op < Sp = [0) <-- we cannot use full Y2 load, even with Inconel 718 bolts (unless we assure
(b) that fast vent valve is a straight through design

1 .
(1) Sy < 1.58¢= [J S, not applicable

(2) not applicable

1
(C) SR_BC < Sf = (lj

1
SR_ID <S¢= (1)

(@) sT<sf=@



(e) SH + SR_BC 1
N
2 1

SH* SR_ID 1
—— <=
2 1

(f) not applicable

Bolt force 3
5 2.513% 10
Fpolt = Op-785dp, - Fpgpe = ;

4.261% 10

Bolt torque required

17.9 13.2
Tbolt_min = 02Fb01t db Tbolt_min = ( ) N-r Tbolt_min = (22 4) 1bf -ft fOI’ pressure test use 1.5x
30.3 : this value



Nozzle and Flange, DN75 (CF) pattern, for Vessel Nozzles

Internal radius, nozzle

Rn = 30mm

Nozzle wall thickness
Required nozzle wall thickness, for internal pressure is: E.:=1
MAWP(R )

ty = ty = 0.41 mm
Smax_304L_divl Ew — 0.6 MAWP

We set wall thickness to be:

t = 6mm i >t = 1

Flange thickness:

Note: we design, if possible for standard CF bolt pattern so as to allow possibility of using CF flanges prebolted to
adapter plates, on extra long screws. This allows CF flange/adapter plate to be preassembled and tested for both
pressure and leak tightness prior to installing as an assembly onto pressure vessel flange. This will require utmost
care to tighten nuts without loosening the CF joint. It is recommended that a torque wrench be used on the bolt
heald to maintain full tightness while tightening nut on opposite side.

The flange design for Helicoflex or O-ring sealing is "flat-faced", with "metal to metal contact outside the
bolt circle". This design avoids the high flange bending stresses found in a raised face flange (of Appendix 2) and
will result in less flange thickness, even though the rules for this design are found only in sec VIII division 1 under
Appendix Y, and must be used with the lower allowable stresses of division 1.

Flanges and shells will be fabricated from 316Ti (UNSS31635, EN 1.4571, ASME spec SA-240) stainless
steel plate. The flange bolts and nuts will be either 316 SS, or Inconel 718, (UNS N77180) if required, as this is the
highest strength non-corrosive material allowed for bolting.

We will attempt to design to use one Helicoflex 3mm thick gasketwith aluminum facing (softest) loaded to
the minimum force required to achieve helium leak rate. Other is a double O-ring seal will be used, with a pumpout
port between them

Maximum allowable material stresses, for sec VI, division 1 rules from ASME 2010 Pressure Vessel
code, sec. Il part D, table 2B:

Maximum allowable design stress for flange
Sf = Smax_316T1 Sf =137.9MPa
Maximum allowable design stress for bolts, from ASME 2010 Pressure Vessel code, sec. |l part D, table 3

Inconel 718 (UNS N0O7718) 316 condition/temper 2 (SA-193, SA-320)
Smax_N07718 = 37000psi Smax_316_bolt = 22000psi

Bolt materials, we calculate in parallel for SS (temper 2) bolts using O-rings or very low force Helicoflex gaskets, and
Inconel 718 bolts for high force Helicoflex gaskets

Smax_316_bolt 151.7
Sp = Sp = MPa
Smax_N07718 255.1

From sec. VIII div 1, non-mandatory appendix Y for bolted joints having metal-to-metal contact outside of bolt circle.
First define, per Y-3:
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(b) Forces and Moment Arms

hub thickness at flange (no hub) corner radius:

go = tn gl = tn

Flange OD
A := 13cm
Flange ID

B = 2Rn B =6cm

define:

By =B +2g B;=72cm

Bolt circle (B.C.) dia,

C = 10.2cm
Gasket dia

C:

G:= Z(Rn + .75cm)
Force of Pressure on head

H = .785G2-MAWP
Sealing force, per unit length of circumference:

gy =6mm gy =6mm )= min(.Sgl,Smm) r; =3mm

G =0.075m

H=6802x10°N



for O-ring, 0.275" dia., shore A 70 F= ~5 Ibs/in for 20% compression, (Parker o-ring handbook); add
50% for smaller second O-ring. (Helicoflex gasket requires high compression, may damage soft Ti
surfaces, may move under pressure unless tightly backed, not recommended)

Helicoflex has equiv. values of Y for the ASME force term F and gives several possible values
for 3mm HN200 with aluminum jacket:

v, = 25 min value for our pressure . 150N recommended value is 185, we need to go a
1= %" nm and required leak rate (He) 2= PV bit lower for inconel 718 bolts

for gasket diameter Dj =G Dj =0.075m

Force is then either of:
3
Fp = nDj~Y1 F,=589x 10"N
or

4

Helicoflex recommends using Y2 for large diameter seals, even though for small diameter one can use the
greater of Y1 or Ym=(Y2*(P/Pu)). For 15 bar Y1 is greater than Ym but far smaller than Y2. Sealing is less
assured, but will be used in elastic range and so may be reusable. Flange thickness and bolt load increase
quite substantially when using Y2 as design basis, which is a large penalty. We plan to recover any Xe
leakage, as we have a second O-ring outside the first and a sniff port in between, so we thus design for Y1
(use F,,) and "cross our fingers" : if it doesn't seal we use an O-ring instead and recover permeated Xe with a
cold trap. Note: in the cold trap one will get water and N2, O2, that permeates in through the outer O-ring as
well.

Number of bolts, root dia., pitch, bolt hole dia D, (these are from DN75 CF standard dimensions (VACOM catalog)
n:=16 d, = 8mm p¢ = lmm hy = .614p,
root dia.

-3
dy:=dy,-2h3  d3=6772x10 "m

T 2 2

Ab = n~Z~d3 Ab =5.763cm

Check bolt to bolt clearance, for box wrench b2b spacing is 1.2 in for 1/2in bolt twice bolt dia ( 2.4xd,) ):
C
= B >0 =
nC —24n-dy 20=1 . — 2503
Ildb

Check nut, washer clearance: OD,, := 2d;, this covers the nut width across corners

0.5C — (0.5B + gy +17) 20.50D, = 1

Flange hole diameter, minimum for clearance :

Dimin = dp + 0.5mm Dimin = 8-5mm
Set:
D, = 9mm Dt > Dtmin =1
Compute Forces on flanae:
Fn 5.80% 10°
Hg = E. Hg = 4 from Table 2-6 Appendix 2, Integral flanges
J 3.534x 10

hg=05C~-G)  hg=135cm

Hp:= 785B°MAWP  Hp=4411x 10°N

Here we add in an axial force on the nozzle from the moment of a feedthrough mounted at 45 deg



Wft = 201bf lft_Cg = S5m Mft = O71Wftlft_0g Mft =31.6 N-m

This force acts through the nozzle and can be thought of as an an additional force to be added with Hp. to
calculate, we compare longitudinal stresses in nozzle from pressure to that from moment:
ID oD Moment of Inertia, nozzle

dpi=2Ry dp=2(Ry+ty) l(dn4 ~ dni4) 1 - 68.299 e
64
max. bending stress:

Mg (R, + 0.5t)

GM = I GM =1.526 MPa
n
max long stress from pressure:
Hp

on =
D 27‘C(Rn + 0.5tn)-tn op= 3.546 MPa

then let the equivalent force be:

Fp = Z—ZIHD Fp = 1898N

R = O.S(C - B) -g R =1.5cm radial distance, B.C. to hub-flange intersection, int fl..
hp:=R + 0.5g hp =1.8cm from Table 2-6 Appendix 2, Int. fl.

Hp:=H - Hp Hp=2481x 10°N

hp = O.S(R +gp+ hG) hp =17.25mm from Table 2-6 Appendix 2, int. fl.

Total Moment on Flange (maximum value)
235.9
Appendix Y Calc

P := MAWP P = 15.4bar
Choose values for plate thickness and bolt hole dia:

t:=1.67cm D:= Dt D=09cm

Going back to main analysis, compute the following quantities:

C+ B,
p=—0 B=1208 hc:=05(A~-C) he=0.014m
1
A+C .. D _ — [B.
. a=t611 AR=_C AR=0449 = [B-g,
2B,
1 + 1+ AR
g = — atan( ) -7 - 2AR rg = 0.032
n ~ AR ho = 0.019m

We need factors F and V, most easily found in figs 2-7.2 and 7.3 (Appendix 2)

&0

Y-5 Classification and Categorization

g
since L these values converge to F := 0.90892 V := 0.550103

We have identical (class 1 assembly) integral ( category 1) flanges, so from table Y-6.1, our applicable



equations are (5a), (7)-(13),(14a),(15a),16a)

2:h h h h
1 D 1 D C
JS =+ — | + TEI'B JS =0.637 JP = — + — | + TE'I'B JP =043
B B a B B a
1 1
(5a) g 2+ Ft 235.889
0 \"o _ _
Fi= % F=2235% 10 Om’ Mp=1 633497 N0
A =13cm B =6cm
A K2 +1
K:=— K=2.167 Z:= Z =1.541
B K2 -1
f=1 hub stress correction factor for integral flanges, use f =1 for g1/g0=1 (fig 2-7.6)hu

tg:= Omm NO spacer

1:=2t+t,+05d, 1=374cm strain length of bolt ( for class 1 assembly)

Y-6.1, Class 1 Assembly Analysis

Elastic constants http://www.hightempmetals.com/techdata/hitemplnconel718data.php
ESS_aus
E = ESS_aus E =193 GPa EIHCOHCl_718 = 208GPa EbOlt = E
Inconel 718
Flange Moment due to Flange-hub interaction
—Jp-F'M —
P P 37.3
Mgi= ——— Mg = J @)
3 , -100.1
t +IgF
Slope of Flange at I.D.
5.46 1501x 10”4 28.97
Ent 4031x 10 ¢ 8
Contact Force between flanges, at h:
Mp + Mg 1419x 10* (8)
Ho=——— He = 4, N
¢ o 381x 10
Bolt Load at operating condition:
2,697 x 10° 9)
Wml :=H+HG+ HC Wm1= N
_ 8.034x 10*
Operating Bolt Stress
Wit 46.8 P S 151.7 P
O = — Cp, = a = a
b7 A, {1394 b~ {2551 (10)
E 1 -
g = —— I =( j elasticity factor
Epolt 0.928
Design Prestress in bolts
1.159-h - (Mp + Mg) 446 (11)
Sl = Gb - Sl = a
1329

3
a-t lorEoBl

Radial Flange stress at bolt circle



6(Mp + Mg) 24.2 (12)
SRBC=, | SR_BC = MPa
Z(r-C —nD)
Radial Flange stress at inside diameter
2F-t M
S 4.068
S = — + 6| S = MPa (13)
R_ID (ho + Ft ] 2 R_ID (10.926)
nB 1 -t
Tangential Flange stress at inside diameter
t-E-0 2F-t-Z M
B S 6.97 14a
St:= + - 18 St= MPa (143)
B, hg + F-t 2 18.73
TCBl't

Longitudinal hub stress

S hy-E-8g5-f S 15.25 P
= = a

H 2 H ™1 40.955

g1

091| —| By-V
20
151.7

Y-7 Flange stress allowables: Sp = 5551 MPa S¢=137.9MPa

(a) Gb<Sb=[1j

(b) |
(1) Sp<1.58;= (J S, hot applicable

(2) not applicable

(©  Sp pc<S¢= Cj

1
SR_ID <S¢= (1)

(f) not applicable

Bolt force

2 528.581
FbOlt = Gb785db FbOlt = 3 Ibf
1.574x 10

Bolt torque required

3.8 2.8
Tholt_min = 0-2Fpolr dp Tholt_min = ( )N'fr Tholt_min = (8 3) Ibf-ft  for pressure test use 1.5
11.2 . this value



Head Nozzle and Flange Calculation, DN40 (CF) size Nozzle

Internal radius, nozzle

Rn = 15mm

Nozzle wall thickness
Required nozzle wall thickness, for internal pressure is:
MAWP(R )

ty = ty = 0.205mm
Smax_304L_divl Ew — 0.6 MAWP

We set wall thickness to be:

t = 3mm i >t = 1

Flange thickness:

Note: we design , if possible for standard CF bolt pattern so as to allow possibility of using CF flanges prebolted to
adapter plates, on extra long screws. this allows CF flange/adapter plate to be preassembled and tested for both
pressure and leak tightness pror to installing as an assembly onto pressure vessel flange. This will require utmost
care to tighten nuts without loosening the CF joint. It is recommended that a torque wrench be used on the bolt
heads to maintain full tightness on CF gasket while tightening nut on opposite side.

The flange design for helicoflex or O-ring sealing is "flat-faced", with "metal to metal contact outside the
bolt circle". This design avoids the high flange bending stresses found in a raised face flange (of Appendix
2) and will result in less flange thickness, even though the rules for this design are found only in sec VIII
division 1 under Appendix Y, and must be used with the lower allowable stresses of division 1.

Flanges and shells will be fabricated from 304L or 316L (ASME spec SA-240) stainless steel
plate. Plate samples will be helium leak checked before fabrication, as well as ultrasound inspected. The
flange bolts and nuts will be inconel 718, (UNS N77180) as this is the highest strength non-corrosive
material allowed for bolting.

We will design to use one Helicoflex 2mm gasket (smallest size possible) with aluminum facing
(softest) loaded to the minimum force required to achieve helium leak rate.

Maximum allowable material stresses, for sec VIII, division 1 rules from ASME 2010 Pressure Vessel
code, sec. Il part D, table 2B:

Maximum allowable design stress for flange
Sf = Smax_316T1 Sf =137.9MPa
Maximum allowable design stress for bolts, from ASME 2010 Pressure Vessel code, sec. |l part D, table 3

Inconel 718 (UNS NO7718) 316 condition/temper 2 (SA-193, SA-320) temper 1
Smax_N07718 = 37000psi Smax_316_bolt2 = 22000psi Smax_316_bolt1 = 18800psi

Bolt, flange materials (we use MathCAD's parallel calculation capability, with vectors)
Smax_316_bolt1 129.6
Sp = S = MPa
Smax_N07718 255.1
From sec. VIII div 1, non-mandatory appendix Y for bolted joints having metal-to-metal contact outside of
bolt circle. First define, per Y-3:



FIG. Y-3.2 FLANGE DIMENSIONS AND FORCES

«—————
G I
c
[ <P
‘- | 2o

A

—=| Y% k‘“’

t
h
{a) Dimensions

[Integral {Category 1) lllustrated]

91 ptp———— R ————
he max
I-c hy g
[ hG -
|
L™
4
ho=+/ Bg,
w
T

hub thickness at flange (no hub)

(b) Forces and Moment Arms

corner radius:

g=t, g =t; gy=3mm g =3 mm
Flange OD
A = 8cm
Flange ID
B = 2R, B =3cm
define:
B;=B +2g B;=36cm
Bolt circle (B.C.) dia, C:
C := 59cm VACOM
Gasket dia
G:= 2(Rn + .5cm) G=4cm

)= min(.Sgl,Smm) r = 1.5mm



Force of Pressure on head
H:= .785G2~MAWP H=1.96x 103N

Sealing force, per unit length of circumference:

for O-ring, 0.275" dia., shore A 70 F= ~5 Ibs/in for 20% compression, (Parker o-ring handbook); add
50% for smaller second O-ring. (Helicoflex gasket requires high compression, may damage soft Ti
surfaces, may move under pressure unless tightly backed, not recommended)

Helicoflex has equiv. values of Y for the ASME force term F and gives several possible values
for 3mm HN200 with aluminum jacket:
Ibf  min value for our pressure N recommended value for large diameter seals,

Yy=8 in  andrequired leak rate (He) Yy =175 ‘mm regardless of pressure or leak rate

for gasket diameter Dj =G Dj =0.04m

Force is then either of:

Fm = TEDJYl or F_] = TCDJY2
F,, =176.057N Fj =2.199 % 104N

Helicoflex recommends using Y2 for large diameter seals, even though for small diameter one can use the
greater of Y1 or Ym=(Y2*(P/Pu)). For 15 bar Y1 is greater than Ym but far smaller than Y2. Sealing is less
assured, but will be used in elastic range and so may be reusable. Flange thickness and bolt load increase
quite substantially when using Y2 as design basis, which is a large penalty. We plan to recover any Xe
leakage, as we have a second O-ring outside the first and a sniff port in between, so we thus design for Y1
(use F,,) and "cross our fingers" : if it doesn't seal we use an O-ring instead and recover permeated Xe with a
cold trap. Note: in the cold trap one will get water and N2, O2, that permeates in through the outer O-ring as
well.

Start by making trial assumption for number of bolts, root dia., pitch, bolt hole dia D,
n:=12 dp, := 6mm p¢ := 0.8mm hy = .614p,
root dia.

-3
dy:=dy,-2h3  d3=5018x10 "m

T 2 2

Ab = n~Z~d3 Ab =2.373cm

Check bolt to bolt clearance, for box wrench b2b spacing is 1.2 in for 1/2in bolt twice bolt dia ( 2.4xd, ):
C
= 5 >0 =
nC —2.0n-dy 20=1 . —2574
Ildb

Check nut, washer clearance: OD,, := 2d;, this covers the nut width across corners

0.5C — (0.5B + gy +17) 20.50D, = 1

Flange hole diameter, minimum for clearance :

Dtmin = db + 0.5mm Dtmin =6.5mm
Set:
Dt = 6.5mm Dt > Dtmin =1

Compute Forces on flange:



F, 176.057
Hg = Hg = 4 N from Table 2-6 Appendix 2, Integral flanges
F; 2.199x 10 ’
hg=05C~-G)  hg=095cm

Hpy = .785~B2-MAWP Hp = 1.103 ¥ 103N
Unlike the other nozzles we will have any external forces or moments applied to these nozzles, while under

radial distance, B.C. to hub-flange intersection, int fl

pressure
R:=05(C-B)-g R =1.15cm
hpy =R + 0.5g; hpy=13cm from Table 2-6 Appendix 2, Int. fl.
Hp:=H - Hp Hp =857.679N
hp = 12mm from Table 2-6 Appendix 2, int. fl.

hp:= 05(R + g + hg)

Total Moment on Flange (maximum value)
26.3 N
= m
P 2335

Appendix Y Calc
P := MAWP
Choose values for plate thickness and bolt hole dia:
D:=D; D=0.65cm

P =15.4bar

t:= 1.5cm
Going back to main analysis, compute the following quantities:

C+ Bl
= =1.319 h~:=05A-C h~=0011m
B 28, B C ( ) C
A+C ._ D _ — R
- acio3 AR=_—_ AR=0421 o= [B-g
2B,
4 1+ AR
atan( ) -1 —2AR g = 0.036 _3
- hO =90487x 10 "m

We need factors F and V, most easily found in figs 2-7.2 and 7.3 (Appendix 2)

— = these values converge to F := 0.90892V := 0.550103
0

Y-5 Classification and Categorization

We have identical (class 1 assembly) integral ( category 1) flanges, so from table Y-6.1, our applicable

equations are (5a), (7)-(13),(14a),(15a),16a)

since

2-h h h h

1 D C 1 D C
Jg=—|——+—|+mg Jg=038I3 Jp=—|—+—|+7rp Jp=0.539

B B a B B a

1 1
(5a) g0 (hg + F-t 263

0 \"0 - -

F = % F =3.783x 10 7m3 Mp 233.544 N-m

A =8cm B =3cm



A K2+1
— K=2667 Z:=

7 =1.327
K2 -1
fi=1 hub stress correction factor for integral flanges, use f =1 for g1/g0=1 (fig 2-7.6)hu

t,:= Omm NO spacer

1:=2t+t,+05d, 1=33cm strainlength of bolt ( for class 1 assembly)

Y-6.1, Class 1 Assembly Analysis

Elastic constants http://www.hightempmetals.com/techdata/hitemplinconel718data.php
E = ESS_auS E =193 GPa EInCOnel_718 = 208GPa
ESS_aus
Epolt =

EInconel_7 18

Flange Moment due to Flange-hub interaction

~JpF"Mp -1.5
Mg = ——— Mg = J (7)
3 , -12.9
t +JgF
Slope of Flange at I.D.
-5
5.46 3.468x 10 6.694
E-mit 3.08x 10 '
Contact Force between flanges, at hg:
Mp + Mg 2366 10° (8)
HC = h— HC = . N
C 2.101 x 10
Bolt Load at operating condition:
4502% 10° 9)
_ 4496 % 10"
Operating Bolt Stress
Wini 19 P S 129.6 P
(&) = (¢} = a = a
LA 571895 b7 {2551 (10)
E 1 .
g = —— T :( ) elasticity factor
Epolt 0.928
Design Prestress in bolts
1.159-hC2-(MP + Mg) 18.6 (11)
Sl = Gb - Sl = MPa
3 185.6
a-t lrEBl
Radial Flange stress at bolt circle
. 6(Mp + Mg) 6.2 (12)
SRBC™ . SR_BC ™| 5, ¢ |MPA

Z(wc - D)

Radial Flange stress at inside diameter



S 2kt ; Mg S 0411
= — +6| = a
RID ™ + Ft 2 RID ™| 365

nB -t
1
Tangential Flange stress at inside diameter

tE8g [ 2FtZ Mg
ST = + - 18|

2.8
ST = MPa
24.89

B, hy + F-t 7Bt
Longitudinal hub stress
hyE-0p-f
B 3.524
Sy = — 5 Sy = MPa
31.292

2
g1
091 —| By-V
g0
Y-7 Flange stress allowables: Sy, = (

b=
(a) Gb<sb=[ij

(b) |
(1) Sp<1.58;= (J S, hot applicable

(2) not applicable

1
(©  Sp pc<S¢=

1
1
SR_ID <S5¢= "
1
@  Sp< sf=(1)

(e) SH ar SR_BC 1
—————— <=
2 1

SH+ SR_ID 1
—————=—<5=
2 1

(f) not applicable

Bolt force
) 120.552
Fpol = Op - 783-dp~ Fyop = 3 | Ibf
1204 10
Bolt torque required 0.6 05
Tholt_min = 0-2Fpo1c dp Toolt_min=| ¢ 4 |N'™ Tholt_min = , , |1 It

129.6
255.1

j MPa Sg=137.9MPa

(14a)

for pressure test use 1.5x
this value



